}

"AD-751 989

AN EXPERIMENTAL AND, CALCULATIONAL STUDY
CF DECOUPLING BEHAVIOR .

!

C. Young, et al

Physics International Company

Prepared for:

Defense Nuclear Agency
Advanced Research Projects Agency

September 1972

DI‘STRI'BUTED BY:

National Technical Information Service
U. S DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151




o
@ :
il DNA-28149F
| v | MBER 1972
- SEPTE 9
n PIFR-240/241
A
=~ |
< | AN EXPERIMENTAL AND CALCULATIONAL

STUDY CF DECOUPLING .BEHAVIOR

" FINAL REPORT

: by
C. Young and J. D. Watson

Prepared for

: Headquarters
‘Defense Nuclear Agency
Washington, D.C. 20305

Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

use aotme nt of Commer-e
ingfie VA??ISI

Under Contract L) i) C
DASA 01-70-C-0094 i T dall
1] .
| ) Ec 1 BR
DISTRIBUTION STATEMENT A | E]E'm :
Apprcved for public release; — B _‘_;»r?”' j
Distribution Unlimited
=SS, TS CONMPANY
2700 M.ERCED STREET ¢ SAN LEANDRO ! I . . ONE 357.46|0(4|5) s TWX 891-9689 (4|5)

o3



| ADGESSION o e //

i 3
s Wilte Sectoa W
ot bt Sectlon’ [
BTITRL ot
SETHR BATHOR cosens st

.......................

R e e e i
PISRITTIS/AVMLARALTY CoDss |
B i A S

Approved for public releasc-
Tdistril?ution unlimited

Destroy this report when no longer needed;
do not return to sender.



UNCLASSIFIED

Security Classification

DOCUMENT CONTROL DATA - R&D

(Sacurity classiffcation of title, body of abstrect end indexing annotation must be entered when the overall report ta classitied)
! ORIGINATING ACTIVITY (Corporste author) 280 REPORT SECURITY C LASSIFICATION
Physics International Company ‘e
2700 Merced Street 25 ugﬂ?laSSlfled
San Leandro, California 924577 N/A

3 REPORT TITLE

An Experimental and Calculational Study of Decoupling Behavior

4 DESCRIPTIVE NOTES (Typs of report and incfusive dates)

Final Report, September 1972

5 AUTHOR(S) (Last nams. [feat name. inftiat)

Young, C. and Watson, J. D.

6 PEPORT DATE j 7a. TOTAL NO. OF PAGES 7b. NO. OF REFS
/03 18
8a CONTRACT OR GRANT NO. 98 ORIGINATOR'S REPORT NUMEER(S)
Contract DASA 01-70-C-0094 PIFR-240/241

b PROJECT NO.

ARY .
c ‘-R} a Order d 118 8 9b. OTHER REPORT NO(S) (Any other numbers that may be assigned
thia report,

d DNA 2918F

10 AVAILABILITY/LIMITATION NOTICES

approved for public release; distribution unlimited

11 SUPPL NIARY N TES 12. SPONSORING MILITARY ACTIV|TY
b.aﬂﬁl of llfustraﬂons in Director
this document may be bstter Advanced Research Projects Agency
studled on microfiche. 1400 Wilson Boulevard

13 ABSTRACT Arlington, Virginia 22209

This report presents the results of a calculational and small
scale experimental program to study decoupling phenomena. The small
scale experiments have the option of testing various chemical explo-
sive sources and earth media, with the effects of overburden. The
results reported herein are for spherical detonations of methane-
oxygen in both naturally and artificially pressed salt. Nine experi
ments, all with overburdens corresponding to a depth of 2,600 feet
are described and the resulting strain gage data are subjected to a
response spectra analysis. The results of the small scale study are
in general agreement with large cavity decoupling theory.’ [The cal-
culational technique described in this report is based upon tradi-
tional finite difference codes for the close-in decoupling behavior
and couples this co an extensive linear elastic region for computing
the intermediate range response of the earth media. This method
offers inexpensive decoupling calculations with both high frequency
resolution for close-in phenomena controlling decoupling and seismo-
logically significant calculational times. The results of several
one dimensional calculations in the STERLING/MIRACLE PLAY cavity
geometry, with various explosive sources, yield models, equation-of-
state models and overburden are presented. Partial results cf a two

dimensional pill box cavity qalculation are also discussed. A
(continued)

DD .%o, 1473 UNCLASSIFIED

Qocnuritv Claceification




ABSTRACT (continued)

response and Fourier spectral analyses of all calculations are
given. The effect of vield model, equation-of-state model (es=-
pecially compaction) and overburden are found to be critically
important for controlling seismological response.



UNCLASSIFIED

Security Classiftcation

KEY WORDS

LINK C
ROLE wT

LINK B
ROLE wT

LiNK A
ROLE wT

Decoupling

Decoupling experiments
Decoupling calculations
Small scale decoupling
Underground test simulation

INSTRUCTIONS

\, ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over-
all security claasification of the report. Indicate whether
'Restricted Data’ ia included Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is apecifizd in DoD Di-
rective $200.10 and Armed Forces Industrial Manual. Enter
the group number, Alao, when applicable, show that optional
rnar:ings have been used for Group 3 and Group 4 as auvthor-
ized.

3. REPORT TITLE: Enter the complete report title in all
capital lettera, Titles in all casea ahould be unclassified.
If a meaningful title cannot be aelected without classifica-
tian, show title clasaification in all zapitals in parenthesis
ims ediately following the title.

4, DSSCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progreaa, summary, annual, or final.
Give tlw incluaive dates when a specific reporting period is
covered,

S, AUVHOR(S): Enter the name(.* of author(s) as shown on
or in the report. Ente: 1sst name, iirst name, middle initial.
If military, show rank and branch of service. The name of
the principal author is sn ahsolute miniinum requirement.

6. REPORT DATE: Enter the date of the report as day,
month, year; or munth, year. If more than one date appeara
on the report, uae date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedurea, i.e., enter the
number of pages containing information

7. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the report was written,

8b, 8, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, su' i as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR'S REPURT NUMBER(S): ¥-ter the offi-
cial report number by which the document will be identified
and controlled by the originating activity. Thia number must
be unique to this report.

9b. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originator
or by the sponsor), alao eater this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-

itations on further diasemination of the report, other than those

imposed by security classi’ication, using standard statements
auch as:

(1) “‘Qualified requesters may obtain copies of this
report from DDC.*’

(2) 'Foreign announcement and dissemination of this
report by DDC is not authorized. .

(3) ‘U S. Governmrent agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall requesi through

"

(4) “'U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through

(5) ‘*All distribution of this report is controlled. Qual-
ified DDC users shall request through

If the report has been furnished to the Dffice of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

11, SUPPLEMENTARY NOTES: Use for additiona! explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmente] projzct office or laboratory sponsoring (pay
ing for) the rcs2aren and development. Include address.

13. ABSTRACT: Enter c¢1 abstract giving a brief and factual
summary of the document indicative of the ruport, even though
it may also appear elsewhere 1n the body of the technical re-
port. If additional space is required, a continuation sheet shall
be attached.

1t is highly desirable that the abstract of clussified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military securnty classification of the in-
formation in the paragraph, represented as (TS) (5). (C) or vy

There is no limitation on the length of the abstract. ilow-
ever, the suggested length is from 159 to 225 words

14. KEY WORDS: Key words are technically meaninglul terms
or short phrases that charactenze a report and may be used as
index entries for cataloging the report. Kcy words must be

selected so that no secunty classification 15 requiied. ldents
fiers, such as equipment model designation, trade name, military
project code name, geographic location, may he used as key

words but wili be followed by an indication of technical con-
text. The assignment of links, rales, and weights s aptional.

-je-

UNCLASSIFIED
Security Classification




DNA-2819F
SEPTEMBER 1972

PIFR-240/241

AN EXPERIMENTAL AND CALCULATIONAL
STUDY OF DECOUPLING BEHAVIOR

FINAL REPORT

This work was supported by the
Advanced Research Projects Agencv under ARPA Order No. 1188

by
C. Young and J. D. Watson

Prepared for

Headquarters
Defense Nuclear Agency
Washington, D.C. 20305

Under Contract
DASA 01-70-C-0094

.
-I’~
Physics International Company

2700 Merced Street
San Leandro, California 94577




ACKNOWLEDGEMENTS

The authors would like to express their sincere thanks to
the Tracy Test Site Crew and Mr. Fran Allen, for assisting in the
experimental program and to Mr. Kerry Seifert, for reducing and
analyzing the experimental data. We would also like to thank
Miss Mary Fowler and Miss Francis Foster for their suggestions
and assistance in carrying out the calculations. Special thanks
are accorded to Mr. Stephen Hancock for managing the spectral
analysis of both the experimental and calculational programs and

for conceiving and programming the LEEK code.

iii



CONTENTS

SECTION 1 INTRODUCTION

SECTION 2 BACKGROUND

SECTION 3 SMALL SCALE EXPERIMENTS

wwiw
B w -

Experimental Technique
Results

Data Analysis

Summary

SECTION 4 CALCULATIONS

b b B b
bW

Calculational Technique

Rasults

Data Analysis

pPartial Results cf the 2-D Calculation
Summary

SECTION 5 CONCLUSIONS

REFERENCES

APPENDIX A - THE LEEK CODE
APPENDIX B - DESCRIPTION OF THE VARIOUS MATERIAL MODELS

Preceding page blank

11

11
27
51
69

73

73
85
111
127
130

139

143

145
153

e

- e— i w




Figure

ILLUSTRATIONS

Cross Section of Spherical Pressure Chamber
Containing Test Sample with a 2-Inch-Diameter
Cavity for Decoupling Detonations

Open Pressure Chamber Showing an Encapsulated
Salt Block in Position in Lower Hemisphere
Prior to Placement of Upper Hemisphere to
Close Chamber

Closed and Bolted Pressure Chamber Ready for
Pressurization by High-Pressure Nitrogen and
Execution of a Small-Scale Experiment

Geometry for Measurement of Radial Displace-
ments with Tangential Strain Gages

PETN - Bridgewire Detonator used to Initiate
Detonator in a 2-Inch-Diameter Cavity Filled
with Methane and Oxygen

Typical Oscilloscope Record of Strain-Gage
Response Showing Difference Between Low-
Frequency and High-Frequency Amplifier Output

Reduced Displacement Versus Time Prcfiles
Obtained from Two Strain Gages in Small-Scale
Experiments Nos. 240-1 and 240-2

Central Parting Plane and the Scaled Decoupling

Cavity Following Shot 240-1

Reduced Displacement Versus Time Profiles for
Strain Gages 1 and 2 as Monitored by a Low-
Frequency Amplifier in Shots 240-3c, 240-4,
and 240-5

Preceding page blank

vii

14

18

21

23

26

32

34

38




Figure
10

11

12

13

14

15

16

17

18

19

20

21

ILLUSTRATIONS (cont.)

Reduced Displacement Versus Time Profiles for
Strain Gages 2 and 3 as Monitored by High
Frequency Amplifiers in Shots 240-3c, 240-4,
and 240-5

Schematic of Salt Block used for Shots 240-1
and 240-2, Showing the Location of Strain
Gages around Cavity

Schematic of Salt Block used for Shots 240-3c,
240-4, and 240-5, Showing Location of Strain
Gages

Schematic of Salt Block used for Shots 240-6
through 240-9, Showing Location of Strain gages
with Respect to Tapered Aluminum Plug

Reduced Displacement Versus Time Profiles
Obtained by Strain Gages in Shots 240-6 and
240-9

Reduced Displacement Versus Time Profiles
Obtained by Strain Gages at Three Radii in
Shots 240-7 and 240-8

Displacement Response Spectra Obtained from
Records of Strain Gage 2L for Shots 240-3c,
240-4, and 240-5

Displacement Response Spectra Obtained from
Records of Strain Gage 2H for Shots 240-3c,
240-4, and 240-5

Disvlacement Response Spectra Obtained from
Records of Strain Gage 1lH for Shots 240-6,
240-7, and Z40-8

Displacement Response Spectra Obtained from
Records of Strain Gage 2L for Shots 240-6,
240-7, and 240-8

Displacement Response Spectra Obtained from
Records of Strain Gage 2H for Shots 240-6 to
240-9

Displacement Response Spectra Obtained from

Large-Scale Calculations Involving Various
Energy Sources and Rock Yield Models

viii

39

41

42

45

47

49

58

59

60

61

62

63



Figure
22
23
24
25
26
27
28
29
30
31
32
33
34

35
36
37

ILLUSTRATIONS (cont.)

Comparison of Experimental and Calculational Results
for 180 bar Overburden, Approximately 360 bar
Cavity Equilibrium Pressure at 4 Cavity Radii

Calculational Procedure for the One-Dimensional
POD Problems

Cavity Wall Pressure History for Cavity Equilibrium
Pressure of 180 bars

Cavity Wall Pressure History for Cavity Equilibrium
Pressure of 360 bars

Cavity Wall Pressure History for Cavity Equilibrium
Pressure of 720 bars

Selected Pressure Profiles for Gas Source
Calculations

Selected Pressure Profiles for the Gas Source
Calculations

Cavity Wall Pressure History for Cavity Equilibrium
Pressure of 360 bars

Selected Pressure Profiles for the Nuclear Source
Calculation

Cavity Wall Pressure History for Cavity Equilibrium
Pressure of 360 bars

Typical Calculated Stress Histories in the Salt
from a Gaseous Detonation in a Spherical Cavity

Typical Radial Stress Histories Showing the Effects
of Overburden and Compaction

Typical Radial Stress Histories for Gas and Nuclear
Sources

Velocity Histories Showing the Effect of Compaction
Velocity Histories Showing the Effect of Compaction

Velocity Hostories Showing the Effect of Overburden
and Yield Model

ix

Page

67

77

86

87

88

89

90

91

92

93

95

96

97
98

99

100



Figure
38

39

40

41

42

43

44
45

46

47

48

49

50

51

52

ILLUSTRATIONS (cont.)

Peak Particle Velocity as a Function of Radius
Showing the Effect of Compacticn and Overburden

Peak Particle Velocity as a Function of Radius
Showing the Effect of Yield Model and Overburden

Peak Particle Velocity as a Function of Radius
Showing the Effect of Cavity Equilibrium Pressure

Peak Particle Velocity as a Function of Radius
for Nuclear and Gas Explosions

Displacement Histories Showing the Effect of Yield
Model and Overburden

Displacement Histories Showing the Effects of
Compaction

Displacement Histories for Gas and Nuclear Source

Mass-Spring System used to Determine the Fourier
and Response Spectra

Structure of the Displacement Response Spectra

Response Spectra for the First Five and One-Half

Pulses Calculated for an Equilibrium Cavity Pressure

of 360 bars, Overburden of 180 bars, Mohr-Coulomb
Yield at 4 Cavity Radii

Displacement Response Spectra Showing the Effect
cf Source Frecguency

Displacement Response Spectra Showing the Effect
of Distance from the Source

Displacement Response Spectra Showing the Effect
of Overburden

Displacement Response Spectra Showing the Effects
of Overburden and Yield Model

Displacement Response Spectra Showing the Effects
of Compaction and Yield Model

102

103

104

105

106

107

112

113

115

116

117

118

120

121




Figuzg

53

54

56

57

58
59

60

61

62

63

64

ILLUSTRATIONS (cont.)

Displacement Response Spectra Showing the Effects
of Equilibrium Cavity Pressure and Overburden

Peak Displacement (w = 0) as a Function of Radius
for Selected Runs

Displacement Response Spectra Showing the Effect
of Zoning and the Current Stability Condition
Safety Factor

Comparison of Response and Fourier Spectra for
Linear Media with Yielding and Gas Source

Comparison of Response and Fourier Spectra for
Compactible Media with Yielding and Gas Source

Lagrange Grid at t = 7500 psec

Velocity Vector Plot of the Lagrange Grid at
t = 7500 usec

Velocity (i) History Parallel to the Axis of
Symmetry of the Cavity at X = 2412 cm and Y = 0 cm

Velocity (Y) History Perpendicular to the Axis of
Symmetry of the Cavity at X = 0 cm and Y = 3580 cm

Stress (1yy,) History Parallel to the Axis of
Symmetry of the Cavity at X = 1998 cm and Y = 1839
cm

Stress (t,) History Perpendicular to the Axis of
Symmetry X% the Cavity at X = 1998 cm and Y = 1839
cm

Shear Stress (1 x Y) History at X = 1998 cm and
Y = 1839 cm

Zoning for Crater Formation Problem

xi

125

126

128

129

131

132

133

134

135

136
147

L e e ] i i s il =



i

. SECTION 1
. INTRODUCTION o

' I 1

Since the conception in 1959 of using a large underground
cavity to decouple (and thus disgulse or conceal).a nuclear test
(Reference 1), several experimental and theoretical prograns have
been directed toward improving and extending th'is concept. The
results of several theoretical studies of large- cav1ty decou- |
pling phenomena (Reference 2) and the data obtained from both
large and small field experiments (Re ferences 3 aud 4) have all
served to confirm the validity cf the initial decoupling theory,
The results of. some small-scale laboratory experiments conducted
on cavities in plaster of paris (Reference 5) indicate howeVer
that the theory of large caVity decouoling may not be entirely

valid. ) '

i

Although the bhasic theory for large-cavity decoupling is
now well established, there are several aspects of the problem
that still need clarification. In particular, the full effects
of overburden pressure, non—linear material properties, and caVity
shape upon decoupling»phenomena are not now well known. Before a
complete evaluation of the potential applications and limitations
of large-cavity decoupling may be made, the effects of these
paramete rs must be better understood.

. H | :

Since June of 1968, Plhysics International Company has been
conducting both computational and experimental studies of de- |
coupling phenomena. These rfforts at Physics International,



ES

supported by the Advanced Research Projects Agency through the
Defense Atomic Support Agency, were initialuiy directed toward
using finite-difference calculations to model various shots
within the COWBOY scries, the SALMON and STERLING nuclear events,
and variovs testus to be conducted in the MIRACLE PLAY series.

In support of these calculational efforts, a study of the feasi-
bility of conducting small-scale experiments was initiated in
1969. The results and conclusions of these calculations and
initial experimental studies are discussed in detail in Refer-

ence 6.

Beginning in March of 197C, Physics International under-
took a program for the Advanced Research Projects Agenucy (under
Contract No. DASA-01-70-C-0094) to conduct several small-scale
experiments and to perform further calculations in support of
the MIRACLE PLAY series and in decoupling concepts in general.

This report discusses the results of the small-scale experi-
ments carried out on this program. Despite several initial
experimental difficulties, a reliable and reproducible imneans of
conducting small-scale experiments was developed. Nine small-
scale tests were successfully conducted using a variety of salt
types, initial detonable gas mixtures (CH4 and 02), and equili-
brium cavity pressures after detonation. All nine shots were
fired with a confining pressure of 2,500 psi to simulate over-
burden effects. Dynamic strain gages, used to measure radial
displacement as a function of time, gave consistent high-quality
data on decoupling behavior. The experimental results confirmed
the theory of large diameter cavity decoupling and demonstrated
the importance of rock strength independent of overburden pres-

sure.



The calculational technique described in this report is
applicable to one and two-dimensional calculations. Fifteen one-
dimensional calculations with detonable gas (CH4 and 02) and
nuclear sources were performed. Yield models, equation of state
models, overburden and cavity equilibrium pressures were varied,
zoning schemes and stability criteria were examined and response
and Fourier spectral analyses were carried out for each case. A
two-dimensional calculation with a pill box cavity was partially
completed, but was terminated early because of lack of funds.

All calculations made use of the LEEK boundary condition which is
a linear elastic region coupled to the full elastic-plastic des-
cription of the earth media, to extend the calculational grid to
large distances from the cavity without loss of resolution. This
calculational technigque in conjunction with advanced computer
facilities provides a very useful and potentially inexpensive
method for studying decoupling, earthquake and other ground
motion phenomena, at near teleseismic distances (several kilo-
meters) while retaining a detailed description of the source
mechanism and the non-linear earth properties near the cavity can

affect the character of the teleseismic signals.

Section 2 of this report gives the background of decoupling
work pertinent to this investigation. The method results and
analysis of the small scale decoupling experiments are presented
in Section 3. The method results and analysis of the calcula-
tional phase of the program are given in Section 4. Finally, the

conclusions of this work are detailed in Section 5.

e

o e ——
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SECTION 2
BACKGROUND

The theory for large-cavity decoupling as initially pre-
sented by Latter, et al., in 1959 (Reference 1), was restricted
in its application to purely elastic media and could not be
appiiea to media in which plastic deformation occurred. Except
for very low stress level loadings, all earth materials in which
a decoupled nuclear test might be conducted will invariably
undergo some plastic or brittle deformation of a permanent nature.
Consequently, it would not be possible to predict the decoupling
factors for cavities in earth media subject to such nonelastic
behavior. Some of the effects and implications of brittle and
plastic rock deformation were considered by Latter, et al., in
1961 (Reference 7). They concluded that for decoupled shots for
a low overburden pressure, such as existed for the shallow COWBOY
experiments, tensile radial cracking would be the failure mechan-
ism which would most likely reduce the decoupling effe~tiveness
of the cavity. On the other hand, it was concluded that, in a
medium such as salt with overburden pressures resulting from
depths of burial on the order cf one kilometer, plastic flow
would be the failure mechanism reducing decoupling effectiveness.
They noted,as might be expected, that plastic yielding occurring
during construction of a deep cavity would not affect the de-
coupiing effectiveness of that cavity so long as the loading by
an explosion in the cavity was purely elastic. It was also
concluded thac a material displaying extreme work-hardening

Preceding page blank
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effects, such as salt dces under appropriate conditions, would
tend to provide better decoupling behavior than a non-work-harden-
ing material. The purely analytic nature of the results pre-
sented by thcse investigators makes it practically impossible to
derive the decoupling effectiveness of materials displaying com-
plex yielding or compaction phenomena. Generally, the implica-
tions of such phenomena can only be fully evaluated with the use

of finite-difference calculations or appropriat? experiments.

The first experimental work to study and evaluate the theory
of large cavity decoupling was carried out on project COWBOY
(Reference 3). The 17 high-explosive test shots conducted in
the COWBOY series were designed to yield fully tamped, fully
decoupled, and partially decoupled conditions. Decoupling fac-
tors in general agreement with those predicted from the theories
of Latuer, et al. (References 1, 7, and 8) were obtained. As
has already been noted, the biggest limitation of these experi-
ments was the shallow depth of burial and the concomitant low
overburden pressure to which the cavities were subjected. Because
the results were probably influenced by the low tensile strength
of salt, these experiments do not provide good information on
either the effects of compressive rock strength or varying over-

burden pressures.

In an effort to obtain data on the lecoupling theory where
larger overburden p.essures would be involved and where loading
could be accomplished by a nuclear detonation, the SALMON and
STERLING experiments were conducted in the Tatum Salt Dome,
Mississippi. The SALVMON experiment involved the detonation of
a fully tamped 5.3-kiloton nuclear device at a depth of 2,600 feet
(Reference 9). The cavity formed by the SALMON event was very
closely spherical in shape with a radius of 17 meters (55 feet).



The SALMON cavity was used as the decoupling cavity for the
STERLiNG event, which involved detonation of a 0.380-kiloton
nuclear device. The greatest limitation in deriving good
decoupling data from the SALMON and STERLING evernts resulted from
scaling down the field measurements of the high-yield SALMON
detonation to be representative of the ground motions which would
be observed for a fully tamped lower-yield device comparable to
that used in the STERLING event.

A third program designed to obtain field data on decoupling
phenomena is represented by the MIRACLE PLAY series. The princi-
pal objective of the MIRACLE PLAY series was to use a detonable
gas as the energy source in the SALMON-STERLING cavity and to
fire the shots at differing initial pressures corresponding to
differing energy levels. The gas pressure and enargy content of
the first two shots fired in this series, DIODE TUBE and HUMID
WATER, were designed to match the yield of the STERLING device
and to provide a fully decoupled loading condition. A third shot
in the series, DINAR COIN, was to be fired with some three times
the energy content of the first two shots and thus to provide a
partially decoupled loading condition. Unfortunately, technical
difficulties leading to misfires and loss of data on both the
DIODE TUBE and HUMID WATER shots resulted in the cancelliation of

this series.

In addition to the field experiments discussed above, at
least two small-scale experimental programs to study decoupling
phenomena have been conducted. One of these involved the detona-
tion of small explosive charges in spherical cavities formed in
plaster of paris (Reference 5). Unfortunately, overburcen

— -Epi.“...."“‘
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pressures were not applied in conducting these experiments;
consequently, the results are probably dominated by tensile

radial cracking and have the same limited application as do the

results of the COWBOY series. In addition, the diagnostic tech-

nique used in these experiments (electrical capacitance probes)

do not provide good time-resolved data on a fundamental proper- |
ty, such as stress or particle velocity, of the generated shock

wave, I

A second small-scale experimental program has been conducted
at Physics International under ARPA support (Contract No. DASA-
01-70-C-0094) and has resulted in the successful development of
experimental capabilities and techniques to study decoupling [
phenomena on a small scale. This experimental program involved
the successful execution of several small-scale decoupling experi-
ments under conditions of high confining (overburden) pressure.

This report discusses in detail the experimental apraratus,
the problems which had to be overcome, the experimental results,
and the comparison of these results with calculated results. The
calculations described in this report were carried out to evaluate
the effects of yield model, 2quation of state model, overburden,

source amplitude and source frequency on decoupling behavior.

In addition to the experimental results reported herein, a

series of decoupling calculations was performed using traditional

finite difference techniques. A unique aspect of these calcula-
tions was the coupling of purely elastic code, LEEK, to the out-
side of the elastic-plastic Lagrange grid. Because the LEEK code
is very efficient, the calculations could be carried out to seis-

mologically significant times while retaining good resolution of



higher frequency phenomena. In these calculations the effects of
yield model, equation of state model, overburden, source ampli-
tude and frequency on decoupling pehavior were studied. Response
spectra analysis of the results illustrates how, in a highly
vielding and compactible media, energy in the higher frequency
modes is shifted into the lower frequency modes resulting in a
net amplification of energy in the seismically important fre-

quencies.




SMALL SCALE EXPERIMENTS

3.1 EXPERIMENTAL TECHNIQUE

As discussed in the preceding section, there have been few
systamatic experimental programs to study decoupling phenomena.
A reasonably broad experimental study of decoupling behavior
incorporating a significant number of variables is probably
represented only by the COWBOY series conducted for the AEC in
1960 (Reference 3). Although some excellent data on decoupling
behavior were obtained in SALMON and STERLING nuclear tests, the
high cost of such nuclear experiments precludes the systematic

SECTION 3 1
-.
1
|

study of decoupling phenomena.

If a small-scale experimental capability could be developed,
tests to evaluate various parameters of ‘nterest could be eco-
nomically conducted in a laboratory environment. Efforts in this i
program were directed towards refining experimental techniques
which were partially developed for ARPA on Contract No. DASA-01-
6E-C-0147 during the period August, 1968 through September, 1969
(Reference 6). The successful application of small-scale experi-
mental techniques to the study of decoupling phenomena would pro-
vide data which could be used to critically evaluate theoretical
and calculational predictions at a cost significantly less than

that required for large-scale field experiments.

Preceding page blank
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In designing the experimental scale and geometry to be used
in carrying out small-scale decoupling experiments, consideration
was given both to the types of large scale shots that might be
meaningfully modeled and to the cost effectiveness of various
experimental designs. At the time this experimental work was
initiated, the greatest amount of interest and effort in decou-
pling was directed towards the MIRACLE PLAY Series being planned
for the SALMON/STERLING cavity in the Tantum Salt Dome. Conse-
quently, it was decided to design the small-scale experiments
to m~del the SALMON/STERLING cavity in salt and to use a deto-
nable gas (methane-oxygen) as the explosive energy source. After
careful review, it was concluded that a 2-inch-diameter spherical
cavity in rock salt would be small enough to be experimenially
cost-effective and yet large enough to yield valid results.

In laying out a small-scale experimental study of decoupling
phenomena, careful consideration must be given to any scaling
factors that might influence the results. If the peak and equi-
librium pressures developed by an energy source are not dependent
upon the size and the total energy of the source and if the
response of the material around the source is time independent,
then times and displacements will scale directly as lengths are
scaled. Thus a 2-inch diameter spherical cavity would correspond
to a scale reduction of 650 from the 108-foot-diameter cavity
created in the Tatum Salt Dome by the SALMON experiment, and
times and displacements at relative radii should scale by a
factor of 650. At any given relative radius, the stresses and
particle velocities would be equivalent to those observed in a

full-scale experiment.
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Although linear scaling laws stipulate that experimental
results will not bhe a function of size, it is still desirable
to conduct small-scale experiments on as large a scale as practi-
cal. If time dependent effects should perturb experimental
scaling, the larger experiments would be the more valid and

informative.

One of the most desirable and most difficult parameters to
simulate is overburden pressure. The only way in which over-
burden pressure could be simulated in small-scale decoupling
experiments would be by applying an appropriate fluid pressure
to the exterior surface of the test block containing the scaled
decoupling cavity. Either a liquid or a gas may be used to
provide this pressure, but in either case an appropriate pressure
vessel to contain the fluid must be designed and the test sample
must be properly encapsulated so that the fluid does not pene-
trate the interstices of the sample and the decoupling cavity
within it. Since it is desirable to protect the pressure vessel
from large shocks and overpressures that might be generated by
detonations within the test decoupling cavity, confining pressures
are most logically provided by a highly compressible inert gas
rather than a fluid such as kerosene or hydraulic oil. Dry
nitrogen, which is commercially available in prepressurized
bottles at pressures up to 6,000 psi, was selected as the ideal

confining medium.

A pressure vessel that had been designed and built in the
portion of this program carried out on Cont.ract No. DASA 01-68-
C-0147 was quite adeguate for continuing the experimental studies.
This .pressure vessel, shown schematically in Figure 1, is con-
structed of two pressed steel hemispheres held together by 30
high-strength bolts through fianges welded to the hemispheres.

13
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The most attractive feature of this design is its large internal
volume of spherical geometry with a diameter of 22 inches. This
internal geometry would contain a reasonably large equi-dimen-
sional test block, which would provide the optimum in recording
times for any instrumentation used in the small-scale decoupling
experiments.

An undesirable feature of the pressure vessel is the 30
high-strength bolts used to attach the two hemispheres together.
Even when optimum bolt spacing, diameter, and strength are used,
this closure method greatly limits the maximum pressures within
a chamber of this design. The 3000 psi maximum pressure for
which this vessel was designed can be obtained only by allowing
for a very small (1.1) safety factor in the failure of the bolts.
This pressure vessel could be used at these high pressures only
by employing remote operating procedures with the chamber ¢ the
firing table at Physics International's Tracy Test Site. 1In
addition, the time to install and torque up the 30 bolts adds
considerably to the time required to conduct a small-scale de-
coupling experiment. A cylindrical pressure vessel with threaded
pPlug closures at each end would be a preferable design for use
in any future experiments.

Through a series of trial and error experiments, it was de-
termined that the high pressure nitrogen used to provide confin-
ing pressures could be exclude” from the interstices of the test
sample and from the small scale decoupling cavity by employing
concentiric layers of two encapsulating materials on the surface
of the test block. To provide strength and integrity to the
test block, which was composed of several carefully mated pieces
of salt, a hard high-strength epoxy, Furane Epibond 104 with 946
hardener, was used for the first encapsulating layer. To ensure
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that the high pressure nitrogen could not penetrate through the
somewhat brittle Epibond 104 layer, a second layer of Uralane
8615 was applied after the Epibond layer had fully cured. Only
a few minor problems with leaks were encountered in utilizing

this two-layer encapsulating technique.

A photograph of the lower hemisphere of the high pressure
chamber containing a completely encapsulated test block of salt
is shown in Figure 2. The tube coming out of the top of the
salt block is the detonable gas £i11 line. The three white wires
on the left side of the salt block are coaxial strain gage leads,
which connect to the three high-pressure electrical lead-throughs
seen passing through the flange of the lower hemisphere on the
left hand side. The steel tube seen exiting from the flange of
the lower hemisphere closest to the camera is for the emplacement
of appropriate detonators into the center of the test decoupling
cavity. Details of the detonable gas, strain gage diagnostic,
and detonator systems are given below. After the test block has
been completely connected for the purposes of conducting a small-
scale decoupling experiment, the upper hemisphere is lowered into
place and bolted down with the 30 high-strength bolts placed
through the holes shown on the upper surface of the flange in

Figure 2.

A photograph of the assembled chamber ready for the applica-
tion of high confining pressure nitrogen and the execution of
the small-scale decoupling experiment is shown in Figure 3. The
smaller diameter steel tubing seen running between the pressure
chamber and the remote valve system is for the high pressure
nitrogen, while the larger diameter tubing is for filling the
test cavity with a detonable gas mixture. The box on the ground
under the pressure tubes contains the strain gage power supplies
and amplifiers used in measuring radial displacements during an

experiment.
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Figure 3
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The design of small-scale experiments to model the DIODE
TUBE, HUMID WATER and DINAR COIN experim:nts of the MIRACLE PLAY
series required that a system for providing a methane-oxygen mix
to the scaled decoupling cavity be designed and built. Since
this system had to function only at relatively low pressures
(less than 1000 psi maximum), the desiyn and fabrication of the
detonable gas fill system was relatively simple and straight-
forward. To ensure that the system could be operated with a
high degree of safety, it was necessary to use specially designed
explosion-proof valves. to construct a remote fill, bleed and
abort system to operate on the firing table at the Tracy Test
Site, and to provide valving to ensure that a detonation or
deflagration initiated in the test cavity could not propagate
back down the lines of the gas-fill system. The remotely opera-
ted fill, bleed, and abort valves and an 80,000-psi-rated Auto-
clave isolation valve to preclude detonations from propagating
back i1nto the gas-fill system are contained in the steel box
seen partially on the right of Figure 3. With the exception of
some leakage past the explosion proof valves at the higher firing
pressures, no difficulties were encountered with the detonable

gas-fill system.

At the initiation of this research program it was anticipated
that the transition from a deflagration to a detonation in the
detonable gas would not naturally cccur within the 1i-inch radius
of the scaled cavity. It was initially thought, however, that
a detonation could be readily initiated with a high energy spark
gap placed at the center of the cavity. The evaluation of this
initiation system conducted on Contract DASA 01-68-C-0147
definitely indicated that detonations were not achieved (Refer-
ence 6) and that the energy of the detonable gas mix was released
through a slowly propagating deflagration. Consequently, efforts
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to design a high explosive detonator were bcgun on Contract
DASA-01-68~-C-0147. The design and testing of a suitable deto-
nator for these small-scale experiments were continued into the
current contract. A detonator that was designed and success-
fully tested is shown in Figure 4. This detonator, containing
approximately 40 mg of PETN pressed around a centrally located
bridgewire and encased in a gelatine capsule, is an improved
modification of the detonator originally developed on Contract
DASA 01-68-C-0147. This newer detonator geometry would assure
the generation of a spherically divergent detonation wave, while
the original 3detonator with an asymmetrically located bridge-
wire would not. The 2.32 x lO9 ergs energy contained in 40 mg
of PETN is less than 4 percent of the energy of 1.06 gm of a
detonable methane/oxygen mix at 220 psi in a 2-inch-diameter

cavity.

Although the PETN bridgewire detonators were found to pro-
vide very reliable detonations in methane-oxygen gas mixtures
ranging in pressure from 110 to 660 psi, it was found that they
could not be used inside the large spherical pressure vessel.

The electrical noise from this detonator had been tolerable in
all tests conducted outside the pressure vessel, but very severe
noise problems were encountered when the detonator was fired
within the vessel. Large amplitude electrical transients asso-
ciated with the capacitor discharge system used to fire the
detonator lasted for periods of over 100 usec when the detonator
was fired inside the pressure vessel. Since the shock wave
generated by the detonated gas will arrive at the variouvs gage
locations in the salt block, some 20 usec after the detonator is
fired the electrical noise would completely override any gage
signal. This problem was readily resolved by placing the bridge-
wire portion of the detonation system outside the pressure vessel
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and using one grain mild detonating fuse (MDF) to carry the
detonation into the test cavity inside the salt block. In order
to protect the MDF where it passes through the high conrining
pressure nitrogen and to reduce the mechanical signal imparted
to the salt block by the MDF, the MDF was encased in adiprene
inside a 1/8-inch o.d. by 1/16-inch i.d. stainless steel tube.

A 40-mg PETN capsule identical to the one used with the bridge-
wire illustrated in Figure 5 was placed on the end of the MDF

at the center of the test cavity.

The MDF-initiated detonators were also found to provide
very reliable initiation of detonations in methane-oxygen mix-
tures with ratios of 1:1.6 and 1:2 at pressures of 110, 220, 330,
440, and 660 psi. This pressure range completely covers the
initial gas pressures that would be required for conducting both
underdriven and overdriven small-scale decoupling experiments.
In utilizing the MDF-initiated detonator in carrying out the
small-scale decoupling experiments, the only problems encountered
were associated with electrical noise generated, as a result of
ground loops created by the inadvertent grounding of the steel
tube containing the MDF.

Several diagnostic systems were considered and carefully
evaluated for possible use in measuring and evaluating decoupling
effectiveness of spherical cavities in salt. Physics Interna-
tional has had considerable experience in piezoresistive and
piezoelectric pressure gages, electromagnetic velocity gages,
and strain gages in making dynamic measurements of material
response. Because they cannot be utilized as an in-material
gage, the piezoelectric type gages were not considered. Piezo-
resistive gages such as manganin and ytterbium can be very
effectively used for making pressure measur: ments at high stress
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levels (typically greater than 1 kbar). Because the stress
levels anticipated in the small-scale decoupling experiments
would, in mauny cases, be much less than 1 kbar, it was not felt
that this type of gage could be satisfactorily used. At the

time that a diagnostics system had to be selected .or these
experiments, Physics lnternational's experience with the electro-
magnetic velocity gage had not been sufficient to enable us to
completely evaluate its potential application to this program.
Consequently, dynamic strain gages were selected as the most

promising diagnostic system for the experiments.

In conducting the small-scale decoupling experiments, radial
displacement versus time histories could be obtained by placing
conventional dynamic strain gages on planes in the material to
be studied at appropriate radii from the explosive cavity. As
illustrated in Figure 4, the planes on which the strain gages
are placed are normal to a radial direction from the cavity and
the strain gages will in effect measure the tangential or hoop
strains at that radius. 1f a strain gage can make a good measure-
ment of the dynamic hoop strains, then this may be readily re-
duced to a radial displacement history given the appropriate
geometrical considerations. The equation for reducing the
tangential or hodp strains, E¢? as measured by a strain gage,

to the radial displacement, AR, occurring at that radius, R, is:

Inclusion of the strain gage factor, G, and the voltage, V,

placed across the gage yields:

where AV is the change in voltage across the gage caused by strain

induced changes in resistance. This equation was used to reduce
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the strain gage voltage output obtained during an experiment to
radial displacements. Note that, as a strain gage is at a
greater radial distance from a test cavity, the strain seen by
that gage will go down while the corresponding amplification
factor, R, will increase. Consequently, strain gages at large
relative radii to the cavity would be expected to have unfavor-

able signal-to-noise ratios.

Strain gage amplifiers with both low and high frequency
responses were developed and used to monitor strain gage output
on the experiments conducted in this program. An oscilloscope
record showing the response of a single strain gage as seen by
bcth a high frequency and a low frequency amplifier is shown in
Figure 6. The high frequency amplifier does not seem to be
(ffected by normal levels of electrical noise und does show much
more diagnostic wave structure than does the low frequency ampli-
fier. The high frequency amplifier has a maximum frequency
response of approximately 3 megacycles while the low frequency
amplifier has a maximum frequency respcnse of approximately
100 kilocycles. A simple computer program was developed to
reduce the voltage output signal of the strain gage amplifiers,
as recorded on an oscilloscope (Figure 6), to the displacement

time histories at that strain gage locations.

Since the inception of this experimental program, Physics
International has gained considerably more experience with
electromagnetic velocity gages (References 10 and ll) and has
carefully evaluated the possible applicability of this type of
gage to making measurements of small-scale decoupling experi-
ments. Although the strain gage diagnostic system did provide
good measurements of radial displacement, it would now be
recommended that the electromagnetic velocity gages be used in

any future small-scale dzcoupling experiments.
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frequency amplifier output.

26



3.2 RESULTS

There are numerous parameters that might be beneficially
studied within the scope of an experimental program such as con-
ducted on contract DASA 01-70-C-0094. Such parameters could
include size and shape of the decoupling cavity, the explosive
energy released in that cavity, the strength and compactior: char-
acteristics of the material forming the cavity, and the over-
burden pressure acting at the time a decoupling test was con-
ducted. Since it was not pocsible to incorporate all these
parameters within the scope of the funded program, it was neces-
sary to decide which parameters could be most meaningfully
investigated. Since the small-scale experiments were primarily
designed to model shots of the MIRACLE PLAY series, it was felt
that the initial experiments should be directed towards studying
the effects of increasing the explosive energy in a fixed-size
spherical cavity in rock salt. Once the decoupling effectiveness
of the spherical cavities modeling the MIRACLE PLAY series had
been established, it would then be most desirable to study the
possible effects of variations in material properties. Because
work hardening of the salt around the SALMON/STERLING cavity in
the Tatum salt dome could affect the results of a decoupling
experiment, it was felt that a highly work-hardened salt might be
a very desirable medium in which to conduct subsequent shots.

Nine small-scale decoupling experiments were successfully

conducted on the program during the period September 28, 1970 to
December 22, 1970. All of these experiments were carried out
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using a detonable methane-oxygen gas mixture in a 2-inch~diameter
spherical cavity in salt. The initial partial pressures of
methane and oxygen, their ratio, and the total detonable gas
pressure utilized in each of the nine experiments are given in
Table 1. The first five experiments were conducted in a coarse-
grained natural rock salt from Texas while the last four experi-
ments were carried out in a cavity formed in an artifically
pressed salt. All of the experiments were conducted with a con-
fining pressure of 2500 psi designed to simulate the 2720-foot
depth of the SALMON/STERLING cavity.

Except for the first and last experiments, excellent strain-
gage records were obtained for all strain gages (2 or 3) and all
amplifiers (3 or 4) used in each experiment. In both the first
and last experiments, very high level electrical noise, probably
caused by current ground loops formed when the steel tube, con-
taining the MDF used to fire the PETN capsule inside the cavity,
was inadvertently grounded to the steel pressure chamber. When
this grounding occurred, current from the capacitor discharge
unit used to fire the shot could travel down the steel tube,
through the steel pressure vessel and back to ground through the

steel tubes of the detonable and high-pressure-gas systems.

Basic information cbtained from the strain gage diagnostic
system used in the nine experiments conducted on +his program is
summarized in Table 2. 1In this table the numerical portion (1,

2 or 3) of the strain gage designation refers to an actual strain
gage while the letter portion (L or H) of the designation per-
tains to the type of amplifier used to monitor that strain
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TABLE 1
SUMMARY OF EXPERIMENTAL CONDITIONS FOR SMALL-SCALE
DECOUPLING EXPERIMENTS

Gas Mixture

Firing i) CH Confining
Pressure 2 4 Preygsure
Shot Material (psi) (bars) (psi) (psi) Ratio (psi)
240-1 Natural 220 15.2 135 85 1:1.6 2500
Rock
Salt
240-2 " 440 30.3 270 170 1:1.6 2500
240-3C " 220 15.2 135 85 1:1.6 2500
240-4 " &) 30.3 270 170 1:1.6 2500
240-5 " €60 45.4 405 255 1:1.6 2500
240-6 Artifi- 220 15.2 135 85 1:1.6 2500
cially
Pressed
Salt
240-7 " 220 15.2 147 73 1:2.0 2500
240-8 " 440 30.3 293 147 1:2.0 2500
240-9 " 440 3,3 270 170 1:1.6 2500
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TABLE 2

SUMMARY OF STRAIN GAGE RESULTS
FOR SMALL-SCALE DECOUPLING EXPERIMENTS

Peak Arrival Time i

Peak Arrival Time |
Strain Radius Displacement From Zero From From j
Shot Gage {inch) (cm) Time (ysec) Arrival Zero Time
- S |
240-1 1L 2.960 0.60 x 100 104 3.2 107.2
2L 2.923  0.71 x 10 104 3.3 107.3
240-2 1L 2.960  2.61 x 104 105 6.2 111.2
2L 2.913  2.55 x 10 104 3.3 107.3 |
240-3¢ 1L 3.05  5.51 x 1004 108 18.7 126.7
2L 3.12 5.49 x 100} 111 12.5 123.5
20 3.12  7.16 x 104 108 7.6 115.6
3H  4.60  3.07 x 10 114 5.3 119.3
240-4 1L 3.05 11.76 x 1074 116 18.9 134.¢
2L 3.12  14.07 x 1004 118 14.4 132.4
2H  3.12  15.93 x 1004 115 8.8 123.8
3H  4.60  5.31 x 10 124 5.5 129.5
240-5 1L 3.05 16.23 x 1004 120 12.0 126.0
2L 3.12  16.89 x 104 120 14.8 132.9
2 3.12  17.98 x 07§ 119 12.6 131.0
3 4.60  5.87 x 10 126 7.0 133.0
2406 10 3.008 5.33 x 1074 100 8.0 108.0
2H  4.041  6.24 x 104 107 8.5 115.5
2L 4.041  3.81 x 10 108 14.5 122.5
3H  6.075 4.15 x 10 120 8.5 128.5 |
240-7 1 3.008  7.36 x 10 105 8.1 113.1
2H  4.041  7.58 x 107§ 112 7.7 119.7
2L 4.041  4.12 x 107§ 112 12.0 124.0
3 6.075 5.75 x 10 129 8.5 137.5
240-8 1 3.008 14.10 x 10_) 102 9.2 111.2
2H  4.041 12.46 x 10_; 108 8.3 116.3
2L 4.041 8.00 x 10§ 109 14.5 123.5 |
3H  6.075 9.20 x 10 120 8.6 128.6
240-9  1H  3.008 12.30 x 1004 120 8.0 128.0
2H  4.041 12.83 x 10§ 128 12.0 140.0
3H  6.075 9.50 x 10 134 7.0 141.0
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i | i
gage. The letter "L" indicates that a iow-f:équency, 100-kHz-'
peak-response strain gage amplifier was used whereas the letter
"H" indicates a high-frequency,, 3-MHz strain gage amplifier.
Note that in nearly all shots one strain gage was monitored with
both a low- and a high-frequency amplifier so that relative
response data for these two amplifving systems dould|bé'obtained,
The time of arrival of the initial shock wave, the ﬁeak dis-
placement observed by each strain gage, and 'the arrival éimé of
that peak displacement are indicated in Table 2 also. A'diﬁ—
ference in amplitude and arrival times of the péaks for the low-,
and high-frequency amplifier reéords of a single strain gage ia
due to the differences. in responses of these aﬁplifiers (see,
for example, Figure 6). The arrival fime for the initial shock
at each strain gage includes time for the detonation of, the MDF,
detonation of the detonable gas across the cavity, and the
propagation of the shock wave from the cavity wall to the ]
referenced strain gage. The differences in arrival times for
strain gages at different radii did provide_daﬁa which icould be
used to calculate the shock veloci'ty in the salt material beiﬂg

studied. . ! | | ' :
L . : ‘ .1 '

The first small-scale decoupling experimené (R40-1) was
conducted on September 28, 1970. A 220-psi mixture of methane
and oxygen in a ratio of 1 to 1.6 was used as the detonable gas
energy source in this eXper;hent. 'With the exception of some | |
adverse electr1ca1 noise associated with ground loops formed via
a shorted MDF tube, eVery aspect of the system appeared to work
quite reliably during the execution of this first test shot.
Despite this noise, interpretable records were obtained from both
of the strain gages used in this shot. In thlS experlment only
the low-frequency amplifiers were utilized The reduced dis-
placement time hlstorles recorded by the two strain gages are
shown in Figure 7. A sharp increase in displacement shown at the

v
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end of each record is due to the arrival of reflected waves at
the gage and marks the end of valid gage recording. The
significance of these records will be discussed in niore detail
below along with a discussion of the records obtained in Shot
240-2, which are also shown in Figure 7.

One of the most rewarding results of Shot 240-1 wa: the
post-shot condition of the shot block cavitv and jacketing
raterial. After the shot was fired, the detonable-gas fill line
was vented and the pressure in the cavity monitored. There was
no evidence of any leakage of the high pressure confining gas
through the jacketing materials into the salt cavity, indicating
that damage, if any, to the salt block was minor. After the
salt block was removed from the high-pressure chamber, it was
disassembled along the central parting plane so that the cavity
and the gas fill and detonator lines could be inspected. A photo-
graph of the post shot cavity after Shot 240-1 is shown in
Figure 8. A lack of damage to the salt immediately adjacent to
the cavity and the small extent to which the detonation products
escaped along the parting plane both attest to the fact that the

cavity was underdriven by the detonation.

The excellent condition of the post-shot salt block and the
long time response of the strain gages (including the recording
of reflected waves) indicated that the salt block could be re-
assembled for a second shot. This reuse of the salt block for
sequential shots is especially valuable in terms of gaining high
quality data. As discussed above, large grain size of the salt
and the strain-gage coupling to the salt can have an effect upon
actual strain-gage response. The difference in the response be-
tween two strain gages with essentially identical locations in the
salt block used for Shot 240-1 indicated that these effects could
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Central parting plane and the scaled decoupling
cavity following Shot 240-1.
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be fairly serious. If a single strain gage installation could
be used for several shots, however, then the effects of large
grain size and strain-gage coupling would be eliminated as far

as the relative response of that strain gage was concerned.
Because it was not necessary to change or modify the strain gages
used in Shot 240-1 in refabricating the salt block for Shot
240-2, a very valid comparison of the strain-gage records ob-
tained in the two shots may be made.

The displacement-time histories measured by the two strain-
gages in Shot 240-2 are shown in Figure 7 with the records for
Shot 240-1.

Shot 240-2 was fired using a 440-psi mixture of CH4 and O2
in the ratio of 1 to 1.€6. Since this pressure is exactly twice
that uscl for Shot 240-1, this shot had essentially twice the
explosive energy of the earlier shot. Displacement profiles
from these two shots, as illustrated in Figure 7, indicate that
displacements increased by more than a factor of three between
the two shots. This effect, or course, is exactly what one
would expect in going from a fully decoupled shot to a partially
decoupled shot, as was the case for Shot 240-2.

The excellent condition of the salt block after Shots 240-1
and 240-2 lead us to positively conclude that a single selt
block could be used quite successfully fo: several! shots. Con-
sequer.tly, we redesigned our experimental arrangement so that,
once a salt block was fitted with strain gages and sealed to
withstand the high confining pressures, it could be refitted
with the necessary detonator without having to be removed from
the large hemispherical pressure chamber. The modified con-
figuration invo'.ved using a large-diameter (3/8-inch o.d. x
1/4-inch i.d.) steel tube to go from the outside pressure chamber
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to inside the salt cavity. The salt blocks used for the second
and third series of shots employed this new configuration. The
salt block used for the second series of experiments was also
manufactured of the same coarse-grained Texas salt dome material
as was used for the first two shots. As in the configuration
for the first salt block shots, two strain gages were located at
approximately three cavity radii from the center of the shot. A
third strain gage was located at approximately 4.6 cavity radii
from the center of the cavity. Other aspects of the configura-
tion of this salt block will be discussed in greater detail
later.

In .iring Shots 240-3, 240-4, and 240-5, efforts were made
to obtain three distinctly different preshot cavity pressures.
It was decided that preshot pressures of 220 psi, 440 psi, and
660 psi would yield the most valuable data. Excellent strain-
gage records were obtained from all three strain gages for all
three of these shots. Difficulties with electrical noise
required that Shot 240-3 (at 220 psi) be refired several times,

until good records were obtained.

The first successful data shot at this pressure has been
designated as 240-3C. A second shot in this series, 240-4, was
successfully fired without any difficulties at 440 psi. Some
difficulty was encountered with the detonatable-gas, mixed
pressurization system in attempting to fire the third shot in
the series (Shot 240-5). A serious leak developed in the
pressurization system at this higher pressure. We had difficulty
maintaining the 660-psi pressure and could not be sure that the
gas mix was exactly 1.6 02 to 1.0 CH4. All of the shots in this
serier were fired with methane-oxygen in the ratio of 1 to 1.6,

and a1l the sihots had an overburden pressure of 2500 psi.
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Strain-gage amplif.ery with both low-frequency and high-frequency
response were used in this sho. Strain gage 1 was at a radius
relative to the cavity of 3.05 and was monitored with a low-
frequency amplifier; strain gage 2 at a relative radius of 3.12
was monitored with both low- and high frequency amplifiers; and
strain gage 3 at a relative radius of 4,60 cavity radii was
monitored with only a high-frequency-response amplifier. The
relative response of strain gage 2, as seen by both a low-

and high-frequency amplifier in Shot 240-3C, is illustrated in
Figure 6.

The displacement-time profiles, as monitored by
strain gages 1 and 2 for the three successful data shots in
this series, are shown in Figure 9. All six of these profiles
were reduced from low-frequency amplifier records.
displacement-time profiles obtained from strain gages 2 and 3
using high-frequency strain-gage amplifiers are illustrated in
Figqure 10, Note that the high-frequency amplifiers generally
show the same response as the low-frequency amplifiers but with
greater wave detail. As was the case for the first shots fired
in this program (240-1 and 240--2), th=2 peak displacement measured
by the strain gages increases by a factor greater than two when
the explosive energy in the cavity is doubled (by increasing
initial gas pressures from 220 psi to 440 psi). The very slight
increase in maximum displacement obtained in Shot 240-5 is
probably a result of having a poor detonatable gas mix and less
than the anticipated 660-psi preshot cavity pressure.

Comparison of the strain-gage records obtained in the first
series of shots (240-1 and 240-2, Figure 7) with the strain-gage
records obtained in the second series of shots (240-3, 240-4,

and 240-5, Figure 9) at an approximate radius of 3 inches from
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the center of the cavity indicates some possibly large dis-
crepancies between the data obtained in the two series. The
displacement-time histories obtained in the first series of shots
are both lower in amplitude and much narrower in time than in
the second series of shots. These discrepancies can be most
readily attributed to the way in which the salt blocks were
fabricated for each of the series. The geometry of the salt
block configuration used in the first series is illustrated in
Figure 11. 1In this block the parting plane used to provide
access to the cavity and the necessary gas~filling and detonating
equipment was uncemented when the salt block was finally as-
sembled. 1In addition, the planes on which the strain gage was
located were oriented at 45 degrees to this uncemented parting
plane. If the pressure of the detonated gas in the cavity were
~high enough to create tensile hoop stresses around the cavity,
the uncemented parting plane would separate with a simultaneous
injection of high-pressure detonatea-gas products into the
parting plane. As may be seen in Figure 1!, the signal generated
by the injection of hot gases along the parting plane would
arrive at the strain-gage location very soon after the signal
traveling along the shortest radial direction. Since the
anomalous signal originating at the uncemented parting plane
would destroy the spherical geometry of an outgoing shock wave,
it could cause both the low amplitude and narrow time width of
the strain gage profiles obtained in the first series of shots.

In contrast, the salt block assembled for the second series
of shots had a geometry less amenable to such anomolous effects.
The overall geometry of the salt block for this series is shown
in Figure 12. Because the large-diameter detonator pipe allowed
for the replacement of the detonator at the center of the cavity
without disassembling the salt block, we were able to permanently
cement the central parting plane with a high-strength epoxy.
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Post-shot evaluation of the salt block after firing shots
240-3, 240-4, and 240-5 indicated that this cemented assembly
plane had maintained its integrity during the shots. There was
very little evidence of injection of hot gaseous detonation
products along this plane as compared to the salt block used in
the first series. In addition, the location of strain gages in
this salt block is preferable to those used in the salt block
of the first series. As shown in Figure 12, the strain gages
are all located on planes parallel to the central parting plane.
1f there was any failure of the cemented parting plane and
associated injection of high-pressure gas into this plane, then
the anomolous signal so generated would have less tendency to
perturb the spherically divergent shock wave seen by the strain
gages. Consequently, it is believed that the larger-amplitude
and broader-wave profiles observed in the second series of shots
are more representative of true behavior.

Because of some questions about the effects of the large
grain size of the Texas salt dome material upon strain gage
coupling and response and in order to investigate the effects of
work hardening upon decoupling, it was decided that artificially
pressed fine-grain salt should be used for the third series of
small-scale decoupling experiments. Two large blocks of artifi-
cially pressed fine-grain salt were prepared by Autoclave
Engineers of Erie, Pennsylvania. Each of these blocks was
cylindrical in shape with an outside diameter of approximately
9 inches and a length of approximately 18 inches. One of these
blocks had a conical opening with a 2-inch-diameter hemisphere
at its bottom and pressed into the salt block. To eliminate
machining of a test cavity, this block was used for the third

series of experiments.
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The overall geometry and the strai: gage locations for the
artificially pressed salt block used ‘v .he third series of small-
scale decoupling experiments is shown schematically in Figure 13.
In this block all three strain gages were located along a single
radial direction at radial distances from the center of the
cavity of approximately 3, 4, and 6 inches. A spherical decoupl-
ing cavity was created in this block by machining a tapered plug
of aluminum to fit the tapered hole pressed into the block. As
indicated in Figure 13, a hemispherical cavity was machined in
the end of the tapered aluminum plug and the 1/4-inch-i.d. tube
used to provide detonator access to the center of the cavity was
placed in the center of this plug. The detonable-gas fill line
was inserted into the test block through a hole drilled into the
cavity from a cylindrical outside surface of the test block.

The excellent data obtained with the high-frequency strain
gage amplifiers in earlier shots indicated that this type of
amplifier should be used on all strain gages in this third series
of small-scale decoupling experiments. Consequently, the strain
gage amplifier box was modified to contain three high-frequency
amplifiers and just one low-frequency amplifier. Strain gage 2
was monitored with both a high-frequency and a low-frequency

amplifier in experiments 240-5 through 240-9.

in order to evaluate the effect of various gas mixtures
upon the characteristics of detonation and the possible quality
of data in both small and large scale experiments, tests
utilizing different gas mixtures were included in the third
series of experiments. Test Shots 240-6 and 240~9 used methane
and oxygen in the ratio of 1:1.6, as in earlier experiments. In
Shots 240-7 and 240-8, however, a methane-oxygen ratio of 1:2
was used. All of these experiments were conducted with a con-
fining pressure of 2500 psi, as were all preceding experiments.
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Displacement-time histories obtained from the three

strain gages in Shots 240-6 and 240-9 are illustrated in Figure
14. The strain gage records obtained in Shot 240-6 were
generally of high quality and had a character in general agree-
~ment with the displacement-time histories observed in earlier
experiments. The peak radial displacement monitored by the
strain gages in Shot 240-6 fired with an initial detonable gas
pressure of 220 psi, was in very close agreement with that
obtained in a comparable shot fired a coarse-grained natural
rock salt (Shot 240-3c). Because of its large radial distance
‘from the cavity (approximately 6.0 inches) strain gage 3
exhibited a low signal-to-noise ratio as discussed earlier, and
the record for this strain gage should not be considered as
valid as those for strain gage 1 and 2. In Shot 240-9, which
was fired with an initial gas pressure of 440 psi, significant
amounts of electrical noise were observed on the strain gage
oscilloscope records. This noise was again believed to be due
to the generation of ground loops caused by shorting of the
steel MDF tube to the steel high-pressure chamber. This elec-
trical noise was such that the strain gage records for gages 1
and 3 are of minimal value. As shown in Figure 14, however, a good
record was obtained for strain gage 2. The peak radial displace-
ment observed by strain gage 2 in Shot 240-9 does not show the
marked increase in decoupling which had been observed for shots
fired at this pressure in the coarse-grained salt. The signifi-

cance of this result will be discussed in more detail later.

Two experiments, 240-7 and 240-8, were conducted using
méthane and oxygen in the ratio of 1:2. Excellent strain gage
records were obtained from all strain gages in both of these
experiments. Displacement-time histories obtained from

the three strain gages for the two shots conducted with initial
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detonable gas pressures of 220 and 440 psi are illustrated in
Figure 15. The displacement-time records obtained from the shot
fired at 220 psi (shot 240-7) show peak displacements appceciab’v
greater than had been observed in earlier experiments conducted
at this initial firing pressure. The greater peak displacement
amplitude observed for a shot fired with a 1:2 detonable gas
ratio may indicate that this mix is more nearly stoichiometric
than the 1:1.6 ratio for detonation under these initial condi-

tions.

The most interesting result obtained from the two experi-
ments, 240-7 and 240-8, is the apparent lack of increased coupling
associated with an increase in the init.inl detonablc gas pressure
to a level which had caused significant increases in coupling in
earlier experiments. As indicated in Figure 15, the peak radial
displacements observed in Shot 240-8 are not even double those
observed in Shot 240-7, although the initial gas pressure is
doubled. It is hypothesized that this lack of increased coupling
is related to the work-hardened nature of the salt media in which

the tests were fired.

Increased coupling can occur only if the cavity begins to
respond non-elastically as the energy released by detonations
within it is increased. Generally such non-elastic deformations
can be effected either by tensile radial cracking asscciated with
large hoop strains as occurred in the COWBOY experiments or by
extensive plastic deformation of the material forming the cavity
as occurred in the SALMON shot and as probably occurred in the
earlier high-pressure shots utilizing a coarse-grained salt in
this experimental program. The high confining pressure (2500
psi) used in these ex»eriments could serve to preclude tensile

radial cracking, especially at the stress levels generated by the
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detonable mixtures used. Because the artificially pressed salt
was subjected to extensive deformation and work-hardening during
the pressing operaticn, it would be expected that the stress
levels to initiate plastic flow in this material would be
significantly higher than for the naturally annealed coarse-

grained salt.
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3.3 DATA ANALYSIS

Analysis and evaluation of the experimental data were con-
ducted using three different approaches. As indicated in the
preceding section, the peak radial displacements as measured by
strain gages at various locations in the test salt blocks were
compared to an correlated with the explosive energy in the cavity
and the material in which the test was conducted. In an effort
to more quantitatively define the displacement response at the
various strain gage locations, all high-quality displacement-time
profiles were subjected to a spectral analysis. Finally, the
displacement-time data and the associated response curves
obtained from the small-scale decoupling experiments were appro-
priately scaled and compared with the results of one-dimensional
finite-difference calculations made for a broad-base parameter
study of large-scale decoupling phenomena.

Variations in peak radial displacement, as observed by
strain gage measurements at several different radii in the nin
decoupling experiments carried out, are generally in good agree-
ment with anticipated results. Any significant deviations from
expected behavior can be attributed to experimental difficultieg,
such as the poor detonable gas mix that probably existed in Shot
240-5. 1Increases in peak radial displacement by a factor of 3.5
in the doubling of explosive energy of Shot 240-2 as compared to
240-1, and a factor of 2.5 in Shot 240-4 as compared to 240-3c,
provide experimental verification of the large scale cavity
decoupling theory. 1In both of these higher-energy exper. ents
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(240-2 and 240--4), the naturally annealed coarse grained

salt would be zxpected to yield plastically at the higher stress
levels generated at the cavity wall. According to the theory of
large-cavity decoupling, such yielding at the cavity wall would
increase the radius at which all deformation became elastic and
would accordingly increase radial displacement seen at any

radius over that which would be seen if the wall of the cavity
were to respond elastically. It is unfortunate that the pressure
and mix of the detonable gas used in Shot 240-5 are not better
known and that more experiments in the coarse-grained salt could

not be conducted at higher firing pressures.

Peak radial displacement measurements obtained in the third
series of shots (240-5 *through 240-9) indicate that a stronger
material can provide a better decoupliny behavior independent
of the effects of overburden pressure. Comparison of peak radial
displacements obtained in Shot 240-8 with those from 240-7
indicates that no increased coupling occurred with a doubling
of the explosive enerqgy content within the cavity. This effect
may be readily attributed to the higher strength resulting from
work-hardening of the salt associated with the artificial press-
ing of the test blocks. The one good strain gage record obtained
in Shot 240-9 does indicate some increase in coupling associated
with a doubling of the explosive energy as compared to Shot 240-6.
This increased coupling by the small factor of 2.2 might be
attributable to a weakening of the salt either by damage asso-
ciated with the firing of the three previous shots (240-6 through
240-8) or the thermal annealing of the salt by the hot detonation

products of these earlier experiments.
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In carrying out this third series of experiments, it was
hoped that at least one experiment could be conducted with an
even higher energy source, such as would be obtained with a
660-psi detonable-gas mix in the test cavity. Unfortunately, a
severe fracture in the salt block was formed during the execu-
tion of Shot 240-9. Besides damaging the salt block for possi-
ble use in further experiments, this fracture also served to
rupture the impermeable coa“ings around the salt block, thus
allowing the high-pressure nitrogen confining media to penetrate
the experimental cavity. An experiment with a higher energy
source would serve to further confirm and possibly extend the
effects of high-strength material properties upon improved
decoupling performance.

Observation of the peak radial displacenents observed by
‘'various strain gages is not necessarily the most valid way of
analyzing decoupling phenomena. The peak displacements observed
at any strain gage lccation will be the result of the additive
effect of displacements occurring over a broad range of fre-
quencies. Since the very high frequency portions of the dis-
placement waves will not be propagated for large seismic
distances, they are not particularly pertinent to the decoupling
problem. Only lower-frequency components of the displacement

history are of particular interest.

In order to critically evaluate the frequency content of
the displacement-time profiles obtained at various gage loca-
tions, a spectral-analysis computer program was modified and
used to cbtain response spectra. Peak displacement and accelera-
tion response spectra and Fourier amplitude spectra were obtained
for all strain gage records possessing enough quality to pe
amenable to the analysis. The response spectra represent the
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actual peak values of displacement, and acceleration obtained
during the analysis of a displacement-time profile. Because of
the special interest in the peak radial displacement as a func-
tion of frequency in the decoupling problem, and because the dis-
placement response spectra were most indicative of differences
between various displacement in time profiles, nearly all the
analysis was directed towards the study and evaluation of dis-
placement response spectra. A discussion of the spectral
analysis method is given in Section 4.1.3 and in Figure 45.

In order that the response spectra obtained from the small-
scale data could be more meaningfully compared with the results
of large-scale parametric calculations and actual field measure-
ments, the experimental displacement-time records were appro-
priately scaled. As has been noted, the small-scale experiments
were reduced by a factor of 650 from the MIRACLE PLAY field
experiments, Both displacement and time would have to be multi-
plied by 650 to scale the small-scale results for comparison with
full-scale calculations or field data. All displacement-versus-
time data from the small-scale experiments were scaled by a
factcr of 650 before spectral analysas were performed. Conse-
quently, the peak displacement amplitudes and the frequencies
indicated in Figures 16 through 20 are comparable to the large-

scale calculational results of Figure 21.

Due to the large-amplitude electrical noise observed on the
strain-gage records for Shot 240-1, these records were not suit-
able for a meaningful spectral analysis. Consequently, no cfforts
were made to conduct spectral analyses of the reduced displace-

ment-versus-time prcfiles obtained in this experiment. Spectral
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analyses were conducted on the scaled displacement profiles from
Shot 240-2. These response spectra were in general agreement
with those obtained on profiles from other shots, but since there
are no spectra with which they may be directly compared, they are
not shown here.

The displacement response spectra obtained by applying the
analysis to the displacement profiles obtained from strain gage
2L in Shots 240-3c, 240-4, and 240-5 are illustrated in
Figure 16. As noted in Section 4, the strain gage displacement
profiles were believed to be valid for some 25 microseconds of
recording time. When scaled by a factor cf 650 to correspond to
the dimensions of the SALMON/STERLING cavity, these recording
times would correspond to a record of some 17 milliseconds dura-
tion. Since wavelengths with periods more than twice as long as
the maximum recording time would not be adequately resolved, the
values of peak spectral displacement for frequencies below 30 Hz
could be higher than calculated. The most significant feature of
the response spectra illustrated in Figure 16 is the factor of
2.57 difference at 10 to 70 Hz between the spectra obtained from
strain gage 2L in Shots 240-3c and 240-4. Since the detonable
gas 2mergy in the cavity was only twice as high in 240-4 as it
was in 240-3c, these response spectra confirm the increased
coupling associated with the higher-energy source used in Shot
240~-4. The response spectra for strain gage 2L in Shot 240-5,
also illustrated in Figure 16, further substantiatcs that the
anticipated displacements were not observed in this experiment.
This indicates further that a poor detcnable gas mix probably
existed in the cavity at the time the shot was fired.




The displacement response spectra obtained from the dis-
placement history reduced from strain gage 2H in Shots 240-3c,
240-4, and 240-5 are illustrated in Figure 17. In the lower fre-
quency range where these response spectra are most valid, the
displacement response is in good agreement with a general dis-
Placement waveform observed in these experiments and the dis-
placement response spectra cbtained rom the low~-frequency ampli-
fier records of the same strain gage. Comparison of the spectra
obtained for Shot 240-4 with that from 240-3c indicates that
their amplitudes in the 10- to 70-Hz range differ only by a
factor of approximately 2.3 as opposed to the factor of 2.57
observed for the low-frequency strain gage records. This des-
crepancy may be due to an error in the calibration of one of the
strain gage amplifiers used in the experiments or to some other

unknown cause.

The displacement response spectra obtained from the reduced
records of strain gage 1H in Shots 240-6, 240-7 and 240-8 are
shown in Figure 18. Since Shots 240-6 and 240 -7 were fired at
’identical initial pressures (220 psi), but with different gas

ratios, these spectra should provide a good basis for evaluating
the importance of gas mixtures.

Shot 240-6 with an initial methane-to-oxygen ratio of 1l:1l.v
shows a significantly lower displacement response ut nearly all
frequencies. 1In the 10- to 70-Hz frequency range, the displace-
ment response for Shot 240-7, with a methane-to-oxygen ratio of
1:2, is typically 1.5 times greater than the response observed in
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Shot 240-€¢. The theoretical ratio in energy content (per unit
volume) fcr a 1:1.5 mixture compared to a 1.2 mixture is 1:0.93
(Reference 10). The data of strain gage 1H thus appears to be
quite anomalous. Careful review of the data indicates that elec-
trical noise during Shot 240-6 made the strain gage baselines
difficult to establish, especially for the close-in, early
recording gage locations. Consequently, an error in baseline
position giving smaller late-time (low-frequency) displacements
is probably responsible for the difference in the spectra of
strain gage 1lH for Shots 240-6 and 240-7. However, as will be
discussed later with reference to other strain-gages, displace-
ment spectra for these two tests generally show larger displace-
ments for Shot 240-7 than for Shot 240-6.

Shots 240-8 and 240-7 were fired with the same methane/
oxygen ratios but with different initial pressures. As illus-
trated in Figure 18 there is a very consistent factor-of-two
difference between the displacement response for these two shots
for all scaled frequencies below 150 Hz. Since Shot 240-8 was
fired with twice the initial pressure and energy as Shot 240-7,
the doubling of displacements indicates a fully elastic and,
therefore, completely decoupled behavior. This lack of increased
coupling, even when the equilibrium cavity pressure exceeds the
overburden pressure by a factor of two, is significant. If the
salt were to deform plastically as was observed to be the case
for the natural rock salt blocks used for Shots 240-1 through
240-5, then larger displacements would have definitely been

observed at the higher equilibrium cavity pressure of Shot 240-8.
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If the salt were to respond purely elastically in com-

pression but were to fail in tension at very low stress levels,
then equilibrium cavity pressures up to three times the over-
burden pressure could be sustained be fore failure, and by defi-
nition, increased coupling would occur. ltowever, the well-
established failure of rock under conditions of high pore pres-
sure (Reference 11) would dictate that tensile failure at lower

cavity pressures should probably occur.

The artificially pressed salt used for Shots 240-6 through
240-9 might be expected to respond elastically to compressional
loading due to the work-hardened nature of this material. It
was not possible to anneal the salt blocks after they had been
pressed and the high pressures (30,000 psi) required to press
the salt to the desired density indicated that severe work-
hardening was taking place during the pressing operation. The
artificially pressed salt still had some porosity and permeabil-
ity and it is surprising that pore-pressure effects at the
higher firing pressures were not more pronounc~d. Additional
efforts to investigate this phenomenon would certainly be
warranted.

Excellent strain gage displacement records were also obtained
from strain gage 2 in Shots 240-6, 240-7 and 240-8. The output
of this gage was monitored by both a low-frequency and a high-
frequency amplifier. A reasonably good high-frequency record
was also obtained from strain gage 2 in Shot 240-9. The displace-
ment response spectra calculated from these strain gage records
are shown in Figure 19 for the low-frequency amplifier records

and in Figure 20 for the high-frequency amplifier records.
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The displacement response spectra shown in Figures 19 and
20 generally confirm the conclusions drawn from the response
spectra of strain gage 1H shown in Figure 18. Shots 240-8 and
240-9, fired with twice the initial pressure of Shots 240-6 and
240-7, do not show any increased coupling due to the higher
equilibrium cavity pressures. In fact, the displacement response
spectra for strain gage 2H (Figure 20) show less than a factor-
of-two increase between the low-pressure and high-pressure shots.
This less than expected increase in displacement response can
probably be attributed to the poorer recording characteristics
of the strain gage system at larger distances from a test cavity.

The displacement response spectra obtained from both the
low- and high-frequency records of strain gage 2 in Shots 240-6
and 240-7 do not show the large discrepancy which appeared in
the records of strain gage 1H as already discussed. The peak
displacements observed in Shot 240-7 are still slightly higher
than the 240-6 displacements although theoretical considerations
(Reference 10) indicate otherwise. Quite possibly the assumption
that maximum detonation energy release is realized when the
reaction products are just CO and H,0 is erroneous. If reactions
leading to the formation of CO2 can contribute to the energy of
detonation, then the 1:2 methane-oxygen mixture would have a
higher-energy output, and larger displacements would be expected.

As a final evaluation the results of the spectral analyses
of scaled experimental data were compared with displacement
spectra obtained from the output of several one-dimensional
parametric calculations. These calculations were recently con-
ducted within the theoretical portion of the research program
(Contract No. DASA 01-70-C-0094) that covered the small-scale

experiments reported upon here. These calculations were designed
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to critically demonstrate and evaluate the possible effects upon
decoupling phenomena of various material property, explosive
loading, and overburden stress conditions. The displacement
response spectra for several calculations particularly comparable
to the small-scale experiments are illustrated in Figure 21. A
gnod comparison between calculated and experimental results is
shown in Figure 22. Both records were made from data at approxi-
mately 4 cavity radii for approximately 360 bar cavity equili-
brium pressure and 180 bar overburden. Natural cavity resonance
is at 49 cps (see Section 4.2) and this can be clearly seen. The
calculated amplitude at the lower frequencies is lower than the
experimental value but the vYield surface used for the calculation
may be higher than that of the salt used in the experiment.
Additionally the overburden in the calculation was a constant

180 bars and in reality it should decrease near the cavity. Thus
the artificially constant overburden in the calculation sup-
presses yielding near the cavity and results in the lower ampli-
tudes calculated for the low frequency portion of the section.
Nevertheless the good agreement attests strongly to the validity
of the experimental technique, the strain gage diagnostic system
and the calculational technique. The displacement response
spectra obtained from the data of strain gage 2L in Shot 240-8
(Figure 19) is also very comparable to two of the calculated
curves shown in Figure 21. Three of the response curves are for
calculated models using a 360-bar equilibrium cavity pressure,
equivalent to that of Shot 240-8. One of these curves is for a
model with a 180-bar (2600 psi) overburden pressure--a Mohr-
Coulomb yield model (MC-360 at 180). The response spectra for
Shot 240-8 lies intermediately between the calculated spectra for
the Mohr-Coulomb mod2l with overburden and that for a Von Mises
model without overburden (VM-360 at 0). This comparison indi-
cates that some yielding of the salt did take place in sShot 240-8.
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The effects of having a very weak material are illustrated
by the curve for a Mohr-Coulomb model without overburden (MC-360
at 0) in Figure 21. Because Mohr-Coulomb yielding is pressure
dependent, the absence of overburden pressure in the calculation
allows extensive permanent deformation to take place. This
deformation may continue into late times as radial displacements
effect a reduction in hoop stresses and thus mean pressure, which
allows for additional Mohr-Coulomb yielding. This late-time
yielding is illustrated by the rapid increase in displacement
response at lower frequencies. Since none of the experimental
results show such low-frequency behavior, it is apparent that all
of the salt materials used in the experiments were not subject to
such late-time yielding, as would be expected with the presence

of overburden.
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3.4 SUMMARY

A capability for conducting small-scale experiments to study
decoupling phenomena wac successfully developed, tested, and used
to evaluate some of the basic concepts of decoupling theory.
Because of the low cost and high data quality associated with
small-scale tests, numerous parameters of possible interest to
decoupling may be studied in a cost effective fashion. Because
overburden pressures, test materials, and explosive loading con-
ditions may be varied as desired in small-scale experiments, this
capability complements both field tests and calculations and
would be preferable to in situ experiments (both large and small

scale) for many decoupling studies.

The greatest problems that had to be overcome in developing
the small-scale experimental capability were associated with
detonating methane-oxygen gas mixtures in small cavities and with
eliminating electrical noise from the strain gage diagnostic
system. Both of these difficulties were overcome with the suc-
cessful development of a PETN detonator fired by a long delay
line of MDF. The only aspect of the experimental system which
could benefit from further development is the strain gage diag-
nostic technique for measuring radial displacements. Although
high-quality and informative displacement-time histories were
obtained with the strain gage technique, it is felt that any
future studies of this type should utilize an electromagnetic-

velocity gage diagnostic system.
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Nine small-scale experiments were fired using the small-
scale capability developed on this research program. With the
exception of electrical noise problems in two of the experiments,
excellent strain gage data were obtained from gages embedded in
the salt material at various radii from a 2-inch~diameter "de-
coupling" cavity. Analysis of the strain gage records confirms
the basis for the large-cavity decoupling theory. 1In natural
rock salt, significant increases in coupling were observed as
the energy released by detonation of a methane-oxygen mixture in
the test cavity was increased. 1In an artificially pressed rock
salt, increased coupling was not observed over the cavity pres-
sure ranges studied. This phenomenon is definitely attributable
to the work-hardened nature of this material resulting from the
cold pressing used in preparing test blocks.

A data analysis technique involving a spectral response
analysis was developed and used to further evaluate the data
Obtained from the small-scale experiments. The displacement
response spectra obtained in this analysis revealed many features
of the data that were not apparent in the reduceAd displacement-
time curves cbtained from the strain gage records. The displace-
ment response spectra confirmed the increased coupling, or lack
of it, observed in the displacement-time records. Comparison of
these response spectra with those obtained from calculated (using
a one-dimensional finite-difference code) displacement-time
histories revealed very good agreement between the two.

Not all aspects of decoupling phenomena that are of interest
could be investigated within the scope of the program. It would
have been particularly informative to conduct a few experiments
(in both natural and artificially pressed rock salt test blocks)
using a higher initial gas pressure to obtain higher explosive
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energy loadings of the test cavities. The results of such
experiments would have extended the range and degree of increased
coupling for the natural rock salt tests and would have estab-
lished the pressure and energy levels at which increased coupling
occurred for the artificially pressed salt. Any future small-

scale decoupling experiments should probably include such tests.
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SECTION 4
CALCULATIONS

4.1 CALCULATIONAL TECHNIQUE

4.1.1 Code Capability. Most of the calculations described

in this section were carried out on the POD code. POD is a one-
dimensional time-dependent finite difference Lagrange code, which
is used to calculate the dynamic motion of continua including
elastic-plastic and hydrodynamic media. 'The differential equa-
tions that govern the motions of these media are approximated by
difference equations applied to a network of zones that describe
the physical space occupied by the media. Groups of contiguous
zones of the same material are described by constitutive equa-
tions which are coupled to the equations of motions. There are
three possible symmetries--plane, cylindrical and spherical. The
POD code offers a variety of initial and boundary conditions, an
extensive equation of state and yield model library and many
other specialized options developed and applied on a wide range

of problems in continuum physics.

The two-dimensional calculation which was partially com-
pleted in the course of this contractual effort was carried out
on the ELK code which is a coupled Eulerian-Lagrangian code.
This code was developed specifically for calculating explosive

phenomena in which the hydrodynamic area of the explosion is

:
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, .
calculated on an Eulerian grid and the elastic-plastic regions

away from thé explosion are calculated on a Lagrange'grid

coupled to the Eulerian grid.' There are two possible symmetries--
planar and axisymmetric. Most of the equation of state and yield
models, boundary and initial conditions, and other specialloptions

available on POD, are available with ELK.

Both POD and ELK codes are compatible with Physics Inter-
national's data display code which a}low time histories, profiles
of any variable, and shock trajectories to be plotted in almost

any desired format.

|
In the calculations discussed in this report, 'tﬂe goal was
to examine the stress waves generated by a v1olent explosion,
after they had propagated for se1smolog1cally significant dis-
tances into the surrounding earth medla i At large dlstance the |
kinetic energy density of outward propagatlng stress waves
quickly decays because of the internal ‘friction of the medium and
the geometric dlvergence of the waves. Beyond a characterlstlc
"elastic radius" the stress waves become ordinary atoustlc waves
and may be treated by the theory of linear elast1c1ty It is
obvious that a cons1derable-sav1ng in computer ‘time and'storage
space can be realized if the thermodynamic iterations and plastic
flow computations are not performed for those finite-difference
zones that lie beyond the "elastic radius" of the energy source
of the problem. '

! )

Rather thanzmodify the Lagrange continua mechanics codes to
! ' i
skip over these unnecessary calculations for elastic zones,
Physics International developedlan efficient elastic finite-

difference code which couples to the Lagrange codes. This code, '



; ! .
called LEEK, computes elastic zones about 40 times faster than

the Lagrange codes. LEEK is a sophisticated elastic code and may
be used by itself as a tool for studying seismic wave propagac

tion. The code is flexible enough to compute problems in which

i

B S,

the elastic constraints are arbitrary functions of position and
in which zones are arbitrary quadrilaterals. Either stresses oOr

i
displacements may be specified as the poundary conditions. A |

description of the LEEK code is provided in Appendix A.
! , |
It is practical with the aid of advanced high speed com- |
putérs:such.as the CDC 7600 to use the LEEK code to calculate |
detailed problems of seismological interast. For example, a one-
dimensional LEEK grid with 1 meter zone width and 10,000 zones
(10 km) can be coupled to an elastic-plastic Lagrange grid con-
‘taining an explosive or fault source. Once the activity of the
source has subsided, the Lagrange grid can be disconnected and
the boundary of the LEEK code can be maintained at the equili-
brium stress state, while the stress waves generated by the
source are observed in detail as they propagate out several kilo-
meters. A two-dimensional problem utilizing LEEK would be of
much greater interest because of the inclusion of free surfaces

and layering. However, to be practical, the zonal resolution

.would be '‘coarser, for example on the order of 5 meters,and the

extent of the grid might be limited to three or four kilometers.
Stress, displacement and velocity histories can be saved at |
interesting locations and used as gage setting information, as

data prediction or interpretation aids, or as forcing functions

. for observing structural response. The salient features of this q

type 'of calculation are the inclusion of free surfaces,
arbitrary layers and compactible equation of state models. It
I

should be noted that an increase in zone-cycle time results when :

a simple compaction equation of state is used rather than a :
linear‘equation of state in the LEEK code. ?
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4.1.2 Calculational Procedure. The one-dimensional calcu-

lations reported herein were carried out in two basic steps. A
hydrodynamic source calculation was made and the pressure history
at the cavity wall was saved on tape. This boundary tape was
then used to drive a Lagrange grid of salt. The LEEK grid of
purely elastic salt was coupled to the outer boundary of the
Lagrange grid at the appropriate time. Stress and velocity
histories were saved on tape at locations of 1 cavity radius (the
cavity wall), 4 cavity radii, 8 cavity radii and 10.7 cavity
radii (the Lagrange--LEEK interface). The cavity radius for all
the one-dimensional calculations was 1674 cm corresponding to the
estimated volume of the STERLING/MIRACLE PLAY cavitv. The LEEK
grid extended from 10.7 cavity radii to 25.25 cavity radii, or
nearly half a km from the source center. The calculational pro-

cedure is illustrated schematically in Figure 23.

The hydrodynamic source calculations were of two types-~--a
mixture of methane-oxygen detonated at the center of the cavity
and a nuclear source (with a higher shock reverberation frequency)
also detonated at the center of the cavity. In ail the source
calculations the cavity wall was fixed--the very small effect of

the wall motion on the gas pressure being neglected.

Three detonable source calculations (all with mixtures of
CH, + 1.502) were made, corresponding to 180 bars, 360 bars and
720 bars equilibrium cavity pressure. All three calculations

were carried out to 0.1 sec.
One "nuclear" calculation was made as representative of a

high frequency source with the same equilibrium cavity pressure,
360 bars, as one of the gas calculations. This high frequency
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Figure 23 Calculational procedure for the one-dimensional
POD problems.
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source consisted of a 892 cm diamwmeter ball of y = 1.3 gas at

1.21 x 10~3 gram/cm® and 18 kilobars. The rest of the cavity
volume was void. Since the void occupied about 98% of the total
volume, the temperature of the expanded fireball was high and the
source frequency higher (by about a factor of 3) than the STERLING
nuclear source. A more realistic model of a nuclear source such
as STERLING would require the cavity volume outside of the fire-
ball to be filled with ambient air and would require radiation
diffusion between the hot fireball gases and the surrounding cold
air. (A summary of the hydrodynamic source calculations is

given in Table 3.) The cavity wall pressure histories of these
source calculations were then applied to a Lagrange grid of salt
(Figure 23). The Lagrange grid was chosen large enough so that
the stress wave reaching the outer edge was always elastic. The
grid started out with two-hundred 5 cm wide zones and was rezoned
in stages to 10 cm wide zones, 20 cm wide zones, 40 cm wide zones
and finally 80 cm wide zones. Upon the fourth rezone, the LEEK
grid of three-hundred 80 cm wide zones was added and the problems

run for about 0.1 second.

In the salt calculations several parameters were varied.
Three different gaseous detonation sources and one high frequency
nuclear source were used to drive salt with two different yield
models (a von Mises and Mohr-Coulomb model), three different
equations of state (one linear and two compaction), and over-
burdens of zero, 180 bars and 360 bars. The overburden pressures
were generally constant throughout the Lagrange grid, however,
one calculation was carried out with the equilibrium cavity

stress distribution for a case in which no yielding occurred
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prior to the explosion. It is possible to read in equilibrium
overburden distributions around the cavity with yielding by
utilizing Physics International's Static Code, but this was not

carried out due to a lack of time and money.

A summary of the various salt calculations is given in
Table 4 and a description of the equation of state models and

yield models is given in Appendix B.

Several one-dimensional calculations were carried out with
various zoning schemes and stability criteria to estimate the
effect of the calculational technique on the answers obtained.
Problems were run with constant 80 cm wide zones (rather than
rezoning in four stages from 5 cm zcnes to 80 cm zones) and with

constant 160 cm wide zones.

These same problems were re-run with different values of the
safety factor for the Courant stability condition. In problems
involving the propagation of elastic waves across a large number
of finite difference zones, artificial dispersion of the wave
occurs. This artificial dispersion of the waveform can be
minimized by maintaining a constant zone width and operating with
a time step as close to the Courant limit as possible, without
jeapordizing the stability of the difference equations. This

was done it all the calculations discussed above.
In the two-dimensional problem, the nuclear source and salt

grids were calculated simultaneously. The cavity for this calcu-

lation was of pillbox geometry, with a diameter five times the
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height and a cavity volume equal to that of the one-dimensional
spherical calculations. The source was a 984 cm diameter fire-
ball of y = 1.3 gas at 1.21 x 10-'3 gram/cm3 and 15.6 kbars sur-
rounded by ambient air. However, there was no radiation diffu-
sion mechanism included in the description of the fireball gas
or surrounding air. The salt was described by a linear equation
of state (P = 0.265 p) and a Mohr-Coulomb yield model [Y = min
(50 + 0.33 P, 200 bars)], but zero overburdzn. The zoning of the
Eulerian source grid and Lagrangian salt grid is shown in

Figure 58. The calculation was run to 0.0075 sec, a time when
the stress wave was just reaching the edge of the Lagrange grid.
At this point, when the LEE¥ grid was to be added on, the calcu-

lation was terminated.

4.1.3 Spectral Analysis. As pointed out previously, stress

and velocity histories were recorded at 1, 4, 8 and 10.7 cavity
radii. The velocity histories were subjected to a spectral
analysis in the following manner. The velocity history was
integrated to yield the ‘displacement history. The displacement
time function was then used to drive an undamped mass-spring
system (Figure 45). The equation of motion is solved and the
Displacement Response Spectra (DSPEC) and Fourier Velocity
Amplitude Spectra are computed. From the Displacement Response
Spectrum, the Absolute Acceleration Response Spectrum

[ ASPEC = w2 DSPEC] can be derived. The spectra calculated for
the one-dimensional problems are valid over the approximate range
10 cps to 2,000 cps. The lower limit of this range is imposed by
the problem time of about 0.1 sec and the upper limit is governed
by the onset of zonal noise. The Fourier Velocity Spectra, which
is aiways equal to or less than the Displacement Response

Spectra, is not strictly accurate as the driving functions are
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terminated before they die away naturally. 1In most cases, as
will be discussed below, the final character of the response
Spectra is established by the time the driving functions are
terminated. A detailed discussion of the various response

spectra can be found in Reference’12-
4.2 RESULTS

The cavity wall pressure histories for the three detonating
gas source calculations are shown in Figures 24, 25 and 26. The
initial gas conditions were taken from Reference 13 and an ideal
gamma law description of the detonation products was assumed.
The zoning of these calculations (80 zones initially) was suffi-
cient to resolve the Chapman-Jouguet detonation pressure before
the wave impinged on the cavity wall. At appropriate intervals
after reflection of the spherical detonation wave, the gas cal-
culation was dezoned to speed up the calculation. Representa-
tive pressure profiles for the three source calculations are
shown in Figures 2% and 28. The equilibrium cavity pressures

for the three calculations are 180 bars, 360 bars and 720 bars.

The cavity wall pressure history and representative pres-
sure profiles for the nuclear source with no surrounding air, are
shown in Figures 29 and 30. The equilibrium cavity pressure is
360 bars. A second nuclear source calculation with ambient air
mixed in with the fireball gas was made and the wall pressure
history is shown in Figure 31. The fireball and ambient gases
were artificially pre-mixed since no radiation diffusion
mechanism is presently available in the POD code. Artificially
pre-mixing the gases gives the proper frequency of wall pressure
pulses (Figure 31) and adjusting the initial size of the mixed
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fireball adjusts the size of the initial pressure peak measured
at the wall. However, because of limitations of time and funds,
the second nuclear calculation was never used to drive a salt

calculation.

The frequency of pressure pulses in the detonating gas cal-
culations is in good agreement with the predicted gas dynamics of
the MIRACLE PILAY series (Reference 14) , however the nuclear
source calculation, with no air, shows a considerably higher
frequency of pressure pulses than shown in Reference 14. The
second nuclear source calculation with nixed fireball and ambient
gases, exhibits a frequency of wall pressure pulses more in

agreement with those predicted for the STERLING event (Reference
14).

Representative results of the salt caiculations are shown in
Figures 32 through 44. Radial and tangential stress histories at
13176 cm or 8 cavity radii are shown in Figure 32 for the case of
a linear cquation of state, 180 bar overburden, Mohr-Coulomb
yield and 360 bar cavity equilibrium pressure. The character of
these histories reflect the pulsed character of the source pres-
sure history. However, the character of the salt response
changes significantly when the overburden is omitted (for the
case of Mohr-Coulomb yielding) and changed even more sSo when a
compaction equation of state is used (Figure 33). As wculd be
expected, the overburden suppresses extensive plastic yielding
around the cavity and the hysteresis associated with the compac-
tion equation of state modifies the wave speeds of the stress
waves and relief waves tending to cause successive pulses to
coalesce. The effect of compaction is then to convert enerqgy
from the higher frequency modes to lower frequency modes.
Increasing the overburden has the opposite effect of shifting

energy to higher frequency modes .
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The fundamental cavity frequency, calculated assuming a
cavity in an infinite elastic media is given by:

(1 - 2\))}’ (.:l‘ = CS

l - R TR

(cps)

Poisson's ratio

where
longitudinal sound speed

cavity radius

O ™ 0O <
n

shear wave velocity

For the linear equation of state salt used in the calculations:

v = 0.2713
CL = 0.4510 cm/usec
R = 1647 cm
w* = 48.8 cps

The cavity "ringing" is highly damped because of elastic energy
radiating away and spherical divergence. However, the ringing

can be seen clearly in the stress history in the salt driven by
the high frequency nuclear source (Figure 34). Although a Mohr-
Coulomb yield model was used, there was sufficient overburden to
suppress most of the plastic yielding so that the cavity ringing
can clearly be seen. It is less obvious in the equivalent

gas calculation primarily because the frequency of pressure pulses
(62 cps) is very close to the natural cavity frequency. However,
as will be described later the fundamental cavity frequency can be
seen unmistakeably in the response spectra.

Selected particle velocity histories also at 8 cavity radii

(13176 cm) are shown in Figures 35, 36 and 37. Figure 35 portrays
the effect of overburden with a Mohr-Coulomb yield model and
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Figure 36 shows the effect of varying the degree of compaction.

A comparison of yield models is presented in Figure 37, where it
is seen that the particle velocity for the case of Von-Mises
yield with no overburden is very similar to that of Mohr-Coulomb
vield with overburden. Yielding occurs at much lower stresses
with the Mohr-Coulomb model and is suppressed when overburden is
included. Particle velocity histories for the other one-
dimensional salt calculations are given in Appendix D.

Plots of peak particle velocity as a function of rzdius are
given in Figures 39 through 41. As expected the peak particle
velocity is inversely proportional to radius when the wave is
elastic. 1In all cases the extent of plactic yielding was well
within the LEEK interface at 17,647 cm (10.7 cavity radii). The
variation of peak velocity near the source is more complicated
because of yielding and compaction. A close examination of
these plots shows the filtering effects of compaction and
yielding. For example, a compactible equation of state results
in reduction in peak velocity by a factor of approximately 2.3
(Figure 38) while extensive Mohr-Coulomb yielding reduces peak I
velocity by a factor of about 1.4 (Figure 39) over that of
simple Von Mises yielding. Doubling the cavity equilibrium
pressure with and without overburden increases the peak velocity
by a factor of approximately 1.6 (Figure 40). As will be dis-
cussed later, the maximum displacement and low frequency response
spectrum is increased and the peak particle velocity is decreased

when the media yields and/or is ccmpacted.
Figure 41 compares the peak particle velocity versus radius

behavior for a gas and nuclear source. They are remarkably
similar except for an anomalous dip in the peak velocity at
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about 10 cavity radii from the nuclear source. It is suspected
that this is a result of a loss in resolution of the tip of the
very nacrow spike of the stress wave. This anomalous dip would

not have occurred if the zoning in the salt were finer.

Typical displacement histories at 10.7 cavity radii
(17.647 cm) are shown in Figures 42, 43 and 44. These show the
increased decoupling with increased overburden (Figure 42) and
demonstrates the importance of including overburden in calcula-
tions or experiments of decoupling phenomena. In the case of no
overburden and/or compaction (Figure 43), the displacement con-
tinues to increase at the termination of the calculation and
suggests that such calculations if carried out to much longer
times would demonstrate significant seismological effects of

yield model and compaction model variation.

The comparisorn »f displacement histories generated by gas
and nuclear source (Figure 44), shows that the nuclear source,
which was fully decoupled (almost no yielding near the cavity was
observed) results in peak displacement nearly an order of magni-
tude less than that resulting from the gas source. Part of this
may be due to a tendency of the cavity to resonate with the
gaseous detonation pressure pulses as the two frequencies are
very close (49 cps resonant frequency excited by 62 cps pressure
pulses). This comparison demonstrates the importance of source

frequency on decoupling behavior.

Several calculations were made to investigate the effects of
modifying the zoning and Courant stability condition safety
factor. With coarser zoning the wave fronts were spread out but

not seriously. Coarser zoning would be quite adequate for

110




extended calculations where seismologically significant effects
are being studied. Even the higher frequency components of the
waves (several hundred cps) do not appear to be seriously
affected by coarser zoning as will be shown in the spectral
analysis given later. With a high Courant stability condition
safety factor there is significant noise generated in the relief
waves. This is caused by an increased interpolation error in the
difference equations as a result of the larger time step. It is
therefore felt that the advantage of reduced numerical dispersion
of the stress wave gained by using a very high safety factor is
outweighed by the excessive noise generated in the relief wave.

4.3 DATA ANALYSIS

The velocity histories monitored for all the calculations
were subjected to a spectral analysis. The velocity histories
were integrated to give displacement histuries whereupon the dis-
placement response spectra and Fourier amplitude spectra were
calculated (see Figure 45 and Reference 12 for example).

Examples of displacement response spectra are shown in Figure 46
where the highlights such as theoretical fundamental cavity fre-
quency, source shock reverberation frequency and the spectral
window (determined by pulse leng:h and onset of zonal noise) are
illustrated. Zonal noise appears to be noticeable in the spectra
at 2,000 to 2,500 cps. The transit time for a sound wave across
a single zone is 80 cm/0.4510 pusec = 177 usec, which corresponds
to 5,650 cps, so the observed onset of noise appears to be
related to 2 to 3 zone transit times. Approximately 8 higher
modes of the fundamental shock reverberation frequency are
resolvable before the onset of noise.
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® The displacement response spectra is the maximum
displacement of the mass relative to its base
support for all time after the start of the pulse.

® The Fourier amplitude spectra is the amplitude of
vibration of the oscillator for all times after
the end of the pulse.

Figure 45 Mass-spring system used to determine the Fourier
and response spectra.
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Figure 47 compares the response spéctra of five 1/2 pulses with'
that of the first pulse only for a case with little yielding and
no compactlon. It is seen that the f1rst pulse establishes the
basic' frame of the response spectra an” determines the maximum
displacement. Succes51ve pulses build up the priimary and hlgher

order maxima and also excite some natural cavity resonance.

'
| I

The salt response for the high frecuency huclear source is
compared to that of the corresponding gas source in Figure 48 and
it is seen that the specfrum,-espéclally the low frequency
portion, of the nuclear source is lower in amplltudm (show1ng
better decoupllng) The' pressure pulse frequency for the nuclear
source is about 430 cps, while that of the gas source is 62 cps.
The excitation of natural cav1ty resonance is clearly evident i
for 'the nuclear source and is readily apparent for the gas :
source. | E ' ‘

’ i

The effect of radLus on the response spectra is shown in |
Figure 49 for a case w1th little yielding and no compactlon and
all but the higher frequency content seems to scale as expected.

t ' ) !

_ The effect of varying overburden}with a Mohr-Coulomb yield !
model is shown in the response spectra. of Figure 50. 'Increasinq
the overburden clearly suppresses the peak d1sp1acement (w = o).
The amplitude of the fundamental shock reverberatlon 'frequency
(~ 62 cpc) increases with overburden. As the overburden is
removed more plastic yielding' can occur and energy shifts from ‘

higher frequency to lower frequency modes.
! |
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Figure 47 Response spectra for the first pulse and for the first
five and one half pulses calculated for an equilibrium
cavity pressure of 360 bars, overburden of 180 bars,
Mohr Coulomb yield at 4 cavity radii.
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Figure 49 Displacement response spectra showing the effect of

distance from the source.
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The effects of varying overburden with a von Mises yield
model are not as striking (Figure 51) since with or without over-
burden there was not extensive yielding in either of the two
cases calculated.

The comparison of the von Mises and Mohr-Coulomb yielding
with overburden (Figure 51) is interesting. All things being
equal, it would be expected that the amplitude of the low fr:-
quency spectrum would be higher with the Mohr-Coulomb model,
since more yielding occurs. From Figure 51, the opposite
appears to be true. The reason is that in the Mohr-Coulomb cal-
Culation the overburden was constant 180 bars, starting from the
cavity wall and extending outward. 1In the von Mises calculation
the equilibrium overburden distribution was Put in, starting at
30 bars at the cavity wall and increasing to 180 bars at very
large distances. The stress reached 170 bars at about 2-1/2
cavity radii. Evidently enough yielding occurred close to the
cavity to cause the peak displacement to be higher than in the
Mohr-Coulomb calculation. This demonstrates that including the
equilibrium stress distribution around the cavity does have a
detectable effect and should be included for accurate calculation
of decoupling behavior.

Figure 52 portrays the response spectra showing the effects
of compaction. With compaction there is a dramatic shift of
energy from high to low frequency modes and the shock reverbera-
tion frequency maxima are obscured or completely missing. If
overburden were included in the compaction calculations, the
maximum displacements (u = o) observed would be lower, however,
the spectra would still not show the reverberation frequency
maxima and there would stil} be a substantial shift of enerqgy
from higher frequency to lower frequency modes.
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Figure 52 Displacement response spectra showing the effects
of compaction and yield model.
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Figure 53 shows the effect of increasing cavity equilibrium
pressure on the displacement response spectra with and without
overburden. With the higher cavity equilibrium pressures, more
yielding occurs and there is less decoupling as exp.cted.

A summary of maximum displacements for most of the calcula-
tions is shown in Figure 54 as a function of radius. The
readuced decoupling effective.iess of yielding and/or ccrpactible
media is evident in this plot. Compaction and lack of overburden
with Mohr-Coulomb yielding resul:v in strongly coupled cavity
response, and the high frequency nuclear source is seen to be the

best decoupled case.

The response spectra for various 2zoning and Courant
stability condition safety factors are shown in Figure 55. Some
losses are associated with coarser zoning hut the effects are
minor. Coarser zoning than used in the present calculations
would not seriously affect the results of the calculations and
would save computer time, especially for extended runs.

For the case of Mohr-Coulomb yield, overburden and linear
equation of state, the response and Fourier spectra are compared
in Figure 56. As expected the Fourier spectrum is equal to or
less than the response spectrum. The spectra coincide at the
shock reverberation frequency and its higher modes and nearly
coincide at the natural cavity resonant frequency. The maximum
displacement (which from Figure 47 results from the first pulse)
is larger than the Fourier amplitude (which is the maximum dis-
placement after the entire signal).
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In the case of a compactible media (Figure 57), the response
and Fourier spectra virtually coincide since the displacements
were still increasing (Figure 43) when the calculation was

terminated.

For an explosion source (the first pressure pulse is the
largest), the degree to which the response and Fourier spectra
coincide is a measure of the compaction and yielding or other
non-linear behavior that occurs in the media.

4.4 PARTIAL RESULTS OF THE 2-D CALCULATION

The zoning of the 2-D Lagrange grid is shown in Figure 58.
The cavity is a pillbox with a diameter five times its height
and the interior of the cavity is represented by an Eulerian
grid. The initial configuration of the fireball is shown in
Figure 58. The fireball is approximately a 984 cm diameter
sphere of y = 1.3 gas at 1.21 gram/cm3 and 15.6 kbars and is

surrounded by air at atmospheric conditions.

As the fireball expands it first strikes the cavity directly
above it and spreads rapidly to fill the entire cavity. The gas
dynamics are very complicated but because of the coarse zoning of
the Eulerian grid, most of the finer detail was lost. Velocity
histories in the surrounding salt along the X and Y axes (Figures
60 and 61) show that at a given distance from the origin the
stress wave arrives first along the Y axis (the fireball expands
at a higher velocity than stress waves move in the media) and
that the initial wave is stronger along the Y axis.

127




Fourieyr
spectra

4 cavity radii
Mohr-Coulomb yield
P= 0.06u loading
P = =0,0044 + 0.265: unloading

Egquilibrium cavity pressure = 3150 bars
Overburden = (

Displacement (cm)
| ]
I_-
I

.01

] i
1.0 10.0 100.0 . 1000.0

i : K ‘ N Freéuenéy (cps) = '

Figure 57 Comparison of response and Fourier spectra for
: . ‘compactible media with yielding and gas source.
i t

v | : o

128




ue SS3I3s
‘uoT3RINBTIUCDO TTRgDITI TETITUT pue SITIOISTY AITOO[3A P

3 1 umMoys OsTY °93sr QuGL = 3 3© ptrab sbueabern 8 2anbtg
JO SUOT3IRD0T dIE
TTvRITd
— OBSE 08 ﬂﬂ!#\"
: [ 13 -
[xyw)
przb Ie{nz -
LLLTTTTTTT]
LOLLTTTTITTT g
LLLTTTTITIT P
LI
JIT1T1T] "
fIIIT]] o
LLITT] m
fest = x - .
L7 L1117
7 i .H I _. Lﬂ.n_-_ﬂ
LT T
nmumhﬂ
L] 17T x
b....q n __
w.—..“l“ulﬂ y .... .-.. ... h 3

------------lllllllllillllll||:||||||||l|||||r||||||||||||nllllill-u-----.I-.

129

SN



The velocity vector plot at t = 0.0075 sec (Figure 59)
indicates that the pillbox geometry results in substantial shear
wave energy although it is too early tc tell if it is seismo-
logically important. This type of plot is especially useful in
visualizing the waves as thcy radiate into the salt and shows the

shear waves quite clearly.

The X, Y and shear stress histories at 45° from the axis of
symmetry are shown in Figures 62, 63 and 64 and the peak X stress
is seen to be about 1/3 larger than the peak Y stress.

The calculation was terminated just before the LEEK grid was
to be added. It was intended to run the calculation to t = 0.05
and compare the stress and velocity histories with those of the

one-dimensional calculations.
4.5 SUMMARY

The calculations presented in this report demonstrate a
technique whereby finite difference codes may be used to study
decoupling phenomena. Hydrodynamic and elastic-plastic grids are
used to calculate the details of the explosion source and the
complex response of the media in the vicinity of the cavity. A
purely elastic code, LEEK, is coupled to the elastic-plastic
Lagrange grid to permit stress waves to propagate far out into
the media. It is also feasible to carry out near teleseismic
calculations (~ 3-5 km from the source) by using two-dimensional
codes coupled to a LEEK grid. Such calculations wo' 1ld include
che effect of layering, free surfaces and material compaction
and would have zonal resolution on the order of 5-meters. When
run on advanced computer systems such as the CDC 7600, the cost
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Figure 60 Velocity (x) history parallel to the axis of
symmetry of the cavity at X = 2412 cm and Y =0 cm.
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Figure 62 Stress (Tyyx) history parallel to the axis of symmetry
of the cavity at X = 1998 cm and Y = 1839 cm.
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Figure 63 Stress (tyy) history perpendicular to the axis of
symmnetry o¥ the cavity at X = 1998 cm and Y = 1839 cm.
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of these calculations would be reasonable. The results of this
type of calculation would provide insights for interpreting near
teleseismic data gathered on many recent underground tests.

In the course of the one-dimensional calculations reported
Lerein, the effects of yield model, overburden, compaction,
source amplitude and freguency were studied. An evaluation of
the salt response in the time and frequency domain revealed that
several of the above parameters could have a controlling effect

on the seismic signal generated by the explosion.

For a given cavity and explosion source, the plastic
yielding in the vicinity of the cavity (in the first few cavity
radii), shifts energy from the high frequency modes (tens and
hundreds of cps) to the low frequency modes which are able to be
transmitted to teleseismic dista,ces. Although there is a net
loss of enerqy associated with yielding, there is an amplifica-

tion of energy in the low frequency modes.

The effect of increasing overburden is to suppress yielding
and thereby suppress the transfer of enerqgy to the lower fre-
quency modes. Equilibrium overburden stress distribution around
the cavity is important in the calculation, since there is sig-
nificant yielding in the immediate area of the cavity which has
an important role in determining thre low frequency content of the

energy spectrum.

One of the most dramatic effects observed in the calculations
was that of material compaction. Compaction causes a large
amour.t of net energy loss, but there is still a net amplification
in the low frequency content of the energy spectrum. No calcula-
tions of a highly coupled source in a yielding, compactible media
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with overburden was made. However, it is not clear that in such
a case that the energy losses in the yielding, compacting media
would be large enough to overcome the amount of energy shifted
from the higher frequency modes to the lower (and seismically
important) modes. The object of decoupling is to minimize the
low frequency amplitude of the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>